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Ill tills Issue 

Just a few years ago a digital network could get by with a capacity of a few 
hundred megabits per second to handle telephone conversations between the 
cfties of San Francisco and New York. Today a capacity of 2.5 gigabits per 
second is required to carry all the voice, data, fax, and video traffic between 

these two cities. Even more bandwidth (e.g., 100 Gbits/sJ will be needed in the 
next several years). 

This growth has brought about a change from copper or microwave transmis- 
sion media to fiber optic systems. The advantages of optical fiber over copper 
are an extremely high bandwidth, low loss, high immunity to interference, and 
viriLially no crosstalk between channels. 

To ensure compatibilfty between manufacturers of fiber optic equipment , two primary fiber optic stan- 
dards have emerged: SOMET (Synchronous Optical NetworkI and SDH (Synchronous Digital Hierarchy). 
SONET is primarily a North American standard and SDH is used by the rest of the world. These stan- 
dards place strict limits on the performance of each element in a fiber optic system The HP 834B0 digital 
communications analyser (page 6) is designed to verify that optical waveforms rn a fiber optic system 
meet the requirements of the SONET and SDH standards. This instrument is the first commercial product 
to combine in a single package a SONET calibrated reference receiver with an oscilloscope and com- 
munications firmware. 

The communications firmware in the HP 834B0 [page 13) is an extensive set of built-in measurements 
designed for telecommunications applications. The measurements provided by these internaf firmware 
measurement algorithms fall into three general categories: parametric measurements (e.g., rise time, fall 
time, overshoot, etc.), mask measurements, which compare the shape of a waveform to a predefined 
mask, and eye measurements, which measure properties of eye diagrams. 

The optical receiver design for the HP B3480 (page 22) allows customers to select optical-to-electrical 
plug-in modules with specific transmission rates for different applications. The current optical plug-in 
modules provide data rates of 155/622 Mbiis/s, 2.4B8 Gbits/s, and 9,953 Gbits/s, These data rates are 
multiples of 51.84 Mbits/s as required by the SONET and SDH standards. 

Many of the latest designs of high-speed systems use differential transmission lines to reduce disconti- 
nuities in the signal path and reduce coupling between different signal paths. A tool that simplifies the 
task of analyzing the signal paths of differential transmission lines is differential TOR (time-domain 
reflectometry). The article on page 32 describes the HP 54754A differential TDR plug-in, which when 
used in conjunction with the HP 54750 digital cscilloscope orthe HP B3480 analyzer, significantly 
improves the speed and ease of making critical measurements of high speed transmission systems. 

The final HP 83480 article (page 371 discusses the problem of accurately measuring the frequency 
response of the communication analyzer's plug-in modules, it has typically been extremely difficult to 
characterize the SONET/SDH standard receiver with tolerances of ±0.3 dB. This is because of inaccu- 
rate knowledge of the optical stimulus and large uncertainties in the microwave power measurement. 
The article describes a method for calibrating photoreceiver frequency response that overcomes these 
inaccuracies and uncertainties. 

Increases in silicon density have made it possible to reduce chip core sizes. However, a concomitant 
reduction in I/O pad pitch ithe repeat distance between adjacent 1/0 pads] has been hard to achieve 
because of packaging and assembly problems. Thus, IC designs that are I/O intensive tend to have a die 
size that is significantly greater then the core size. The articles on pages 41 and 51 describe a technique 
called radially staggered bonding for dealing with this problem. The first article describes the configura- 
tion of radially staggered bonds on a die, and the second article describes an implementation of the pad 
circuitry for radially staggered bond pads. 

iVIiniaturizatfon of technology is not just confined to ICs. It is also occurring In motors and shaft encoders 

(sensors that measure the position of a rotating shaft). The article on page 55 describes the HP HEDR-8000 
Series reflective optical surface mount encoders. Because of their small size and low cost customers 



LVrpmbpr 1990 HcwIeU Parkarftiouma! 

©Copr. 1949-1998 Hewlett-Packard Co. 



can desigii these encoders foto applications such as feedback sensing for the miniature motors ysed in 
copiers, cameras, card readers, and prmters. 

Today, we have several handheld uiilmes that can telE us where we are geographically, and in some cases, 
where we need to go. These utilities are based on the U.S. Department of Defense Glebal Positioning 
System (GPS}. GPS uses known positions of satellites in space to determine unknown positions on land 
on the sea, in the air, and in space. It Is a passive system in which each satellite transmits its position 
and the time of the position message. Some GPS equipment vendors tout GPS as the next great utility, 
like the power and telephone utilities. Like these utiftttes, GPS has a number of tnherem probJems that 
limit its use as a source of timing. The article on page 60 describes a technique called HV SmartClock, 
a coflection of software algorithms that have been incorporated into HP's GPS instruments to solve or 
minimize these timing accuracy problems. 

The articles that start on page 63 describe HP s third -generation ATM (Asynchronous Transfer Mode) 
test equipment, the HP E5200A broadband service analyzer. The test capabilfties of the HP 5200A enables 
users to determine the health of a network at all layers of the ATM protocol stack, from the physical 
layer nght through to the AAL (ATM adaptation layer) and above. To ensure that the E5200A meets the 
needs of its intended customers (i.e., installers and maintainers of large telecommunications networks 
that employ broadband ISDN), engineers at HP's Australian Telecommunications Operation (ATO) adopted 
a method called "usable usability." Usable usability (page 88) focuses not only on achieving ease of use 
tor potential customers, but also on the usability culture of the product development organization. 

Managed objects in the context of networks are software objects that represent the capabilities and 
behavior of network elements such routers and switches. In the HP E5200A, managed objects play an 
important role In the software architecture (page 74). Typically used to control remote network elements, 
managed objects are used mternally by the service analy?ers application to control application objects. 

A cultural shift for ATO was in the production and manufacture of the servtce analyzer (page 79). ATO 
had to change quickly from a custom test instrument developer to an operation that produces products 
in higher volumes at iower costs. The article also discusses the cultural and technological obstacles 
that had be overcome to transition to an operation focused on design for manufacturability. 

Because of the density of the printed circuit assembly for the HP E5200A, testing by conventional bed-of- 
nails in-circuit techniques alone was not enough, Also, because of the high cost of this printed circuit 
assembly, it was necessary to be able to identify defects accurately and quickly. To overcome these 
challenges, ATO implemented a comprehensive test strategy that included boundary scan testing and 
built-in self-test supplemented by conventional testing techniques (page 85). This strategy included 
eight discrete levels of testing in which each level verified a basic functionality. 

C.L Leath 
Managing Editor 
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A color-graded eye diagram display produced by the HP S348D digital commijnications analyzer, super- 
imposed on a display of the frequency response of its optical channel 



What's Ahead 

In the February issue there will five articles describing the latest version of SoftBench, SoftBench 5,0, 
four articles on HP's use of object-oriented technology, and articles on a new family of sensors for pulse 
oximetry and the HP ScanJet 3c/4c scanners. 
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A New Instrument for Waveform 
Analysis of Digital Communications 
Signals 

The HP 83480 digital communications analyzer combines an optical 
reference receiver with an oscilloscope and communications 
measurement firmware. Its measurements meet the requirements 
of the SONET and SDH fiber-optic communications standards. 

by Stephen W, Hinch, Michael J. Karin, and Christopher M, Miller 



The teteconiniunications industry is currentJy experiencing 
a i>erit)<j t>r rapid growth and change. Just a few yean? ago a 
digital network needed a capacity of only a few hinuheii 
megaJjits per second to handle all the telephone conversa- 
tions hetween such mj:yor metropoUtaii centei-s ;ls San F^tan- 
cisctj and fVt^w York. Today, to carry all the voite, fnx, video, 
and data tiansmissions hetween thes<^ cities, a syslien^ nee^ls 
a capacity of at least 2,5 gigabili> per second (Gbils/s ). Even 
tills is not enouglt for the future. Ten-gigabit-per-second sys- 
tems are already beginning ojieratioii in some areas, and 
researchers are hard at work iiureiising cap^icities into the 
ran^e of 40 to 100 Gbits/s over the next, several years. 

This gromh has spurred several fiindaiiicntal changes in 
transmission systems. First is die rapid conversion from cop- 
per or microwave ti'ansmission media to fiber optic systems. 
Opticiil fiber offers many advantages over traditional copper: 
extremely wide bandwidth, k>w Itjss, liigii iinniunity to uiter- 
ference, and virtiuilly no crosstalk between ell at in els. More- 
over, filler does not sulTer the amioying propagation tk^lay 
ty|:tieal of satellite-based commimications. (If is easy to tell 
when a long distance call kits been routed \ia satellite be- 
catise of die noticeable delay between when you speak and 
When the listener hears your words. ) 

A second lUfgor change is the increasing importance of 
worldwide transmission sliuidards. In years past, every 
equipment nictnufacturcr used a sepai^te proprietary trans- 
nnssion formah so dte transjnitter in one city and the receiver 
h\ another city had to be mamtfactured by the smne vendor. 
With the deregulation of the l',S. phone system and the ever 
mcreasmg im|)orlaoce of iutemational communications, snch 
iiroprietary schemes have l.>econie impractical. 

SONET and SDH Standards 

Two primary fiber-optic standards have emerged; SONET 
(Synchronous Optical Network )f tlevelopcd first by Bellcore 
ami adopted by the American National Stantlards inslitiite 
( ANHll.^ and SDH (Synrhronous Digital Hierarchy), devel- 
oped by the International Teieconiiuunicalions Union (ITL^.- 
SONET is primarily a North Ameriemi sttuulard and SDIl is 
used in most of the rest of the workk An important, objective 
of these standai'ds Is to ensure eomtJatibility between equip- 
tuenl manufactured by different vendors. To acMeve iMs the 



standards acklress such varied requirements as the physical 
jiroper! ies of thc^ optical signal and the transmission j>roto- 
cols and coding formats employed. It is a tribute to the 
cooperation between ANSI and ITU that in all practical 
respects, SONET and SDH are virtually identical. 

Transmission System Design 

A simple fiber-optic transmission system (Fig. 1 ) c^jnsists of 
a tnuismitter, a fiber-optic caljle, and a receiver. The trans- 
mitter usually employs a digitally modulated laser diode 
operating at a wavelength of eiOier L'JOO or 1550 nm. The 
individual voice and data signtils appear as low-rate electri- 
ciil triliiitary signals that are time division multiplexed into a 
serial <ligital strciun applied to the laser input. The laser's 
outpiK is mod I (la led in a simple nonretum-lo-zcro (NRZ) 
fonnat: it is turned on for the entire duration oJa logictil one 
pulse and turned off (or nearly off) for the entire duration of 
a logical zero pulse. 

The fiber-optic cable is tyi>ically single-mode fiber i^ith a 
9-^m c ore diameter. The recei% er consists of a ])-i-n or ava- 
lanche |)hotodiode serving as ati optical] -to-elect deal (0/E) 
converter, wixli appropriate ampUricatlon, tinting, attd detec- 
tion circuitry. A demultiplexer at the receiver output ex- 
tracts the mdividiial tributary' signals. Real systems also 
often employ other network equipment such as digital cross- 
connects, optical amplifiers, and add-drop multiplexers. 

Tlie SONET mid SIJH slandards place strict limits on the 
pertbiTiianee of each element in the system. At the physical 
level, ti-ansmitter specifi cations include output power, opti- 
cal waveform shajie, and extinction ratio, F'or the receiver, 
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Fig. 1. Piber-cjptic transmisskyn system, 
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Fig, 2, Tlie HP 83480 digital com- 
rnuniearintis ariai^^^er ajnUiiiies 
a SUN ET t^alibralal reference 
receiver ^vith an osciljoscope and 
coniinunieatians measurement 
firniware. 



such paranieters as sensitivity; electrical waveform shape, 
and output jitter ai'e important. In the past, waveform char- 
acteristics of Uie system liave been measured wifh a high- 
speed oscdloscope. Electrical sign tils could be measnred 
directly, Imi ro measure optical wavefonns, a phorodiode 
0/E converter was required in front of the oscilloscope. 

The SONET and SDH standards impose new requirements 
on the optical wa%'eform that are not easOy measured with a 
conventional oscilloscope. One refiuirentent, for example, is 
thai tile 0/E convt^rter be an optical "reference receiver" 
having a tightly controlled frequency response, specified as 
a fourth-order Bessel-Thomson filter whose 3-dB fre<iuency 
is three quarters of the bit rate.^ The resulting eye di^am 
(see "Eye Diagrams and Smni>ling OscHlosropes" on page 
8) is compared against a specified nutsk thai dedncs "keep 
out" regions for the waveform. The mask shape is designed 
to eivsure that the (|uality of the wavefoiTU is sufficient to 
achieve satisfactory transmission performance. To make 
this measure] iient an oscilloscope n^usl include a calibrated 
optic^al relV^rcrice re<*eiver, a way to generate the SONET/ 
SDH mask atUomatically, and a way to compare the eye 
(Magram acciu"ateiy to tlie mask. 



Overall OpticaJ Calibration. To measure an optical signal be- 
fore introduction of the HP SMSO, a separate 0/E converter 
had to be coimected to the oscilloscope's vertical channel 
input. Rarely was five exact conversion gain of thLs combina- 
tion known widi any degree of accuracy, so the overall opti- 
cal cliannel could not be considered a calibrated path, hi the 
HP 8:3480, the optical chaimel is fully calibrated and displays 
a readout in opticaJ watts. In addition, each optical channel 
uicludes a separate average power meter that approaches 
the accuracy of a dedicatf^i optical power meter. 

Calibrated SONET/SOH Reference Receiver Path. ( urrent 
SfJ NET/SDH stanfhuds t^lace strict limits oji the freciuency 
response of the optica] reference receiver but do not define 
requiremeiUs for the oscilloscope to which it is connected. 
The HP K:M8D design leam recognized early in the project 
tJiat it matle it t tie sense to tightly contnd the referent^e re- 
ceiver if the oscilloscope bandwidth aiul IriHjuency response 
were iitsufficient to display the signal accmately The team 
decided the miswer was to apply the SONET/8DH frequency 
resi>otise tolerance requirement to the entire channel re- 
sponse, not just the 0/E converter (see Fig. 3). Although this 



The Digitai Conununications Analyzer 

The HV 8;J48U digitiil conununicatituis imalyzer (Fig. 2) is 
the first commercial product to cx)inf>itic a SONET caUbrated 
reference receiver with an nsrilloscnpe mid contnuinicatinas 
measurement finnwajc in a single package. Ii is based ou 
proven HP digital sam|)hng lechnoUsgy first introduced it^ 
the HP 54120 sampling oscilloscojJe in iS:^87. The HP S:>48a is 
designed to address several limitations of existing tecliiiology, 
These include lack of overall optical cHliliration, JMcurupletely 
calibrated SONET/SDH reference re^civej jiMth, aatl lack of 
flexible firmware measurement algorithms. 



HP B348a Frequency Resfiense Characiefization 



G.367 Frequency Response Rcqi^iremenl 
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Fig. a* The .^ONET/SDH QM7 standard requires calihratioG of 
i\u^ optical ret reiver to a specUied aMuraciy. In \]w HP 83480 
digital comnuud cations analyzer, the entire instrument including 
die oscilloscope is calibrated. 
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Eye Diagrams and Sampling Oscilloscopes 



Most people are familiar with an oscifloscope display of repetitive wave- 
forms such as sine, square, or triangle waves. These are known as 

single-value displays because each point in the time axis has only a 
single voltage value associated with it. 

When analyzing a digital telecommLimcatJon wavefof m, single-value 

displays are not very useful. Real communications signals are not repeti- 
tive, but consist of random or pseudorandom pattems of ones and zeros. 
A singte-value display can only show a few of the many different pos- 
sible one-zero combinaiions, Pattern dependent problems such as slow 
rise time or excessive overshoot will he overlooked tf Uiey don'i occur in 
the small segment of the waveform appearing on the display. For exam- 
ple, the amount of overshoot on the zero-to-one transition of a SONET 
laser transmitter depends on the exact pattern preceding it. 

An eye diagram (Fig, 1) overcomes the limitations of a. single-value dis- 
play by overlapping all of the possible one-zero combinations on the 
oscilloscope screen. Eye diagrams are multivalued 6\sp\3'^s because each 
pDint in the time axis has multiple voltage values associated with it. 

An eye diagram is generated on an oscilloscope using the setup of Fig. 2. 
The data signal is applied to the oscilloscope's vertical input and a sepa- 
rate trigger signal is applied to its trigger input. Ideally, the trigger signaE 
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Fig. 1* Eye diasram of 3 lasflr direcUy moduisted at 2.48832 Gbits/s. 



Rg, Z. Block diagram for eye diagram testing. 

is a repetitive waveform at tiie clock rate of the data, although the data 
signal itseEf can also be used as a trigger signal in noncritical applica- 

lions, 

The oscilloscope triggers on the first clock transition after its trigger 

circuit is armed. Upon triggering, it captures whatever data waveform is 
present at the vertical input and displays it on the screen. The oscillo- 
scope is set for infinite persistence so that subsequent waveforms will 
continue to add to the display. 

For a short period of time after triggering, the oscilloscope is unable to 
retrigger while the circuitry resets. At the conclusion of this trigger dead 
time, the oscilloscope triggers on the next clock transition. The data 
pattern at this instant will probably be different from the previous one. 
so the display will now be a combination of the two patterns. This pro- 
cess continues so that eventually, after many trigger events, all the 
different one-zero combmations will overlap on the screen. 

To analyze waveform properties accurately the oscilloscope must have a 
bandwidth at least three times the data rate, and preferably much more. 
At high data rates, this leads to an additional complicating factor. Wide- 
bandwidth single-shot oscilloscopes capable of capturing an entire wave^ 
form at once simply aren't economically available, so sampling oscillo- 
scopes must be used instead. Sampling oscilloscopes make use o1 the 
concept of equivalent time in achieve effective bandwidths up to 50 GHz. 

Instead of capturing an entire waveform on each trigger, the sampling 
oscilloscope measures only the instantaneous amplitude of the wave- 



atkied to the design chaHengcs aiid is more stringent tlian 
required by the standards, it vtistly increases the user's con- 
fidence in the measurement. 

Flexible Firmware Measurement Algorithms. While other oscillo- 
scopes have incoi^jorated reitain mask and parametric mea- 
surement capabilides, none has included all tlie measme- 
nienis desired tjy users, and those pro\ided have not always 
perfomted s^tisfactoiily over the full range of expected wave- 
forms. The HP 83480 design teaiu placed a !iigh priority on 
developing a complete set of features that correctly n^ea^ure 
a wide range of wavefonn shapes. 

Ch'^erail Design 

Tlie HP 8:M80 digital communicatioiis analyzer incorporates 
a modular design consisting of an oscilloscope mainfiTiine 
together with various veitlcal channel plug-Uis (Fig 4j. Tlie 
mainframe contains iJie analog-to-digital converter (ADC), 
time btise, CPU, user interface, and display circuitry, while 
the veitical channel modules contain the 0/E convert crs, 



samplers, IF amplifiers, and powder monitoring circuitry. The 
vailous plug-ins co\"er differt^nt baiidrndtlis, wavelengths, 
sensitivities, and fiber-optic media. 

Tlie mainfranie/module approach offers maximmn flexibility 
to the user. Diu'ing inidal mai'ket research, customers fre- 
quently expressed the desue to presence tlieir Investment by 
being able to upgrade their osciQoscojpes easily in die future. 

Tlie mainframe hardware is based on the modular HP 54720 
oscilloscope platform hiti'oduced in 1992.^ Major differences 
in the HP 83480 include the acquisition system, the intemal 
firmware, and tiie front-panel design. Tlie use of the HP 54720 
mainframe provided t\v o mj^or lipporiumties for leverage of 
existing designs. First tvf all, il provided proven moduhii' 
mainframe coniponentis complete wth power supply display 
computer, and high-speed graphics. Secondly, it offered a 
softMfare system that was des^gi^ed with the abihty to substi- 
tute different acquisition architectuics with a miiumum of 
enghieering resources. 
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forni at the sampling instant |Fig, 31 On tiie first trigger event th£ oscillo- 
scope samples the waveform immedtatety and displays the value at the 
very left edge of the screen. On the next trigger event, ti delays slightly 

before sampling the data. The amount of this delay depends on the num- 
ber of horizontal data points on the screen and on the selected sweep 
speed, l! is determined by the relation: 



D 



1 
n-1 



X T, 



where D is the delay time between successive points, n is the number of 
points on the screen, and T is the full-screen sweep time. For example, if 
the full screen sweep time is 10 nanoseconds and the display has 451 
horizontal points, then the detay is 11/4501 x 10 ns, or 22.2 ps. The am- 
plitude sampled at this instant is displayed one point to the right of the 
original sample On each subsequent trigger event the oscilloscope adds 
an ever- increasing detay before sampling, so that the trace builds up 
from left to right across the screen. 



Rg. 1 Concept of sequential sampling. 

The trade-off in using a sampling oscilloscope is a toss of information 
about the exact waveform characteristics When sampling a repetitive 
waveform such as a sine wave, this doesn't usually pose a problem; the 
screen display shows a sme wave that is a sampled representatmn of 
the original wavefonri. When sampling a random data pattern, however, 
the eye diagram appears as a series of disconnected dots. All fnforma- 
tion about the exact nature of the individual waveforms is lost, so if the 
eye diagram shows excessive overshoot or slow rise time, the exact data 
pattern causing the problem canT be identiffed. This is why Hewlett- 
Packard incorporated the HP Eyeline display mode mto the HP 834B0 (see 
page 18], First developed for the HP 71501 eye d>agram analy^er.^ the 
eyeline display allows the individual data patterns making up the eye 
diagram to be seen 

fleference 

1 CM MiHer, "HighSpetd Digital Transmitter Gharacteriiation Using Eye 
Diagram Analysis r Hewfen-Packard Journal. Vol, 45, no. 4. August 1994, 
pp. 29-37. 
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Acquisition Sy*ileni 

Thte f IP B,'1480 acquisition system has a repetitive seqtienlial 
sampling architerture ronreptually similar to thai of HP's 
earlier high-speed sitmpling oscillosrope, Oie IIP 54120. 
f Unlikethe newer HP 54720, the IfP 51 120 <M no! use a 
moclular design, ) This approaeli provides the exlreiuely high 
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bandwidth necesisary to display lightwave sjjgnaJs to beyond 
KKJbit/s rates. The arquiaitionsysJen^- st^lit between the 
iuainfraine and plug-in, eonsisfs of n lime base iinri sequen- 
tial delay generaitir, a high-fretiiieney trigger, microwave 
samplers, traek-and-hold eireuits, atKl atvalog-ro-digitiil ron- 
verters (Fig, 5). Tlie phig4ns for lire HI* S-MHO ;ire specifie to 
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this sampling aichitectiire. They caiinot he used in til e HP 
54720, nor can IIP 54720 plug-ins be used in the HP S34B0. 

An acquisition cycle is defined as the sequence of events 
tlial must occur to acquire a single data point per enabled 
channeL Normally, many acquisition cycles are required to 
display a complete waveform. \Miilc the acquisition systeJi^ 
in tlie earlier HP 54120 required the microprocessor to over- 
see each acquisition cycle, tiie HP 8^5480 is capable of run- 
ning mai^y acquisition cycles independently of the CPU. In 
addition, improvements in the design of the time base allow 
it to setlie in less than 25 |.ls, comjiared to 100 \is for the IIP 
54120. These improvements result in a greater than tenfold 
tlu'ougliput improvement over tJie HP 54120* 

The cycle starts after the CPU has programmed a series of 
delay values into the sequencer niemor>^ based on the time- 
per'di\ision setting of the oscilloscope. These delay values 
determine the time inten^al between the aiTival of a trigger 
and tiie taking of a sample. Once the values have been pro- 
granmied, the acquisition system cojitinues to rake samples 
at the programmed delay values until stopped or paused by 
the CPU. 

Tlie sampler in the plug-in measures ttie difference between 
tlie input signal's instantaneous amplitude ai the sampling 
instant and a dc offset value programmed by a digilal-to- 
analog con^'erier DAC). This difference is mnplined aird 



converted to a bipolar pulse by charge amplffiers and IF 
filters located in tlie plug-in. Tiiis bipolar pulse signal is fed 
to the traek-and-hold circuits in the mainframe. Tlie charge 
aniplifiej^ atKl IF (liters in these circuits have been unproved 
over those in the HP 54120 to achieve belter tlian a factor 
of 2 improvement in noise floor 

The track-and-hold circuits follow the anipUtude of the 
bipolai' pulse. Wl^e^^ tlie pulse reaches peak amplitude, the 
track-and-hold circuit holds the peak analog value. The 
ADCs conveit each trark-and4iold circuit's level to a 12-bit 
digital word. Tliese 12-bit words are then put hito a FIFO 
memory which is read and processed by the CPU. 

IHgger and Time Base Systems 

Tlie oscillosi-ope s trigger system ajid time base play key 
roles in overall pertbmiance. To view Hie transition of a 
T^^aveform, the oscilloscope must be syncroiiized to tliat 
transition. This syncronization must be ver>' tight to achieve 
low jitter and liigh bandv\idth. In the sequential sampling 
mode, the oscilloscope must bigger 500 times to capture 
and display 500 points. If the trigger has any jitter or imcer- 
lalnly wlien it fixes, this viill be represented by a smeared 
waveform on screen. The need for a jitter-fire e trigger 
becomes all the moiv apparent given the fact \l\kii the HP 
83480's fastest sweep time is 10 picoseconds per division. 
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Fig, §, HP 834S0 Srmwiire block diagram. 

The trigger system was leveraged intact from the HP 54120, 
The heart of the trigger mechanism is a threshold compara- 
tor — a custom circuit employing high-frequency hybrid tech- 
nology'. Tills circuit generates acciuate, prediclable. and 
prograntmable trigger performance that does noi require 
delicate adjustment to >ield a stable imd jiiter-free trigger 
point. The trigger detects the occurrence of a tmnsition on 
the selected external trigger input. Wlien the i>rograjninable 
ilireshold level is crossed, an acquisition cycle is started and 
the time base goes into action. Each plug-in module can 
have one trigger ii\put, so up to two separate trigger inputs 
iUT available. 

Firmware 

The iinnware system in the HP 834S0 is highly leveraged 
from the HP =34720. Like any oscilloscope, the HP 83480 
obsen^es input signals, and in response to a users request it 
produces data or screen images that describe thest^ signals. 
These tasks m*e liroken into Gve successive artions: signal 
conditioning, at-quisilion, data analysis, user interfac^e, and 
display (Fig. 6). 

Signal conditioning in the HP 83480 int^ludes the optical-to- 
elect ricitJ conversir>ii in tlie optical channels anti ^u\y signtii 
amplificati<ni or attenuation that is buili into Hie phig-ins. 
Tl\e sequential siunpiing acquisition system in the HP 83480 
is completely tlifferent from the real-time sanq>ling system 
in the HP 54720, so differ cut diivers iuv required to control 
this acquisition system. After the acquisition lirivers, the 
firmware system in the HP 83480 is idem icaJ to llial of the 
HP 54730 except for the addition of the specialized measure- 
ments added Tor the commimications indiistr>^. M t^asu rente n is 
that were added for the HP 8^3480 int^lude time and voltage 
histograms, more elaborate mask testing, *md the ability to 
measure pulse paranieters on multivalued wavefonns such 
as eye diagrams. For details see the article on page 13. One 
testament to the nexil)ility of the soft ware system is tiiat 
histograms, while written for the HP 83480, were incorpo- 
rated into a miiij\f enajice release of the HP 54720 over a year 
before the flP 83480 was introduced. 



Plug-in Module Design 

The plug -in modules house the 0/E converters, sampierSf 
and vertlcaJ channel signal conditioning circuitiy. They also 
include the cabling necessarj^ to interface tlie trigger hybrid 
in the mainframe to the mstrimient front panel An early 
design decision the team faced w^as what sizes of plug-ins to 
adopt. The mainframe was leveraged from the HP 54720 
oscilloscope, wluch had four input chamieis and accepted 
up to four single-slot plug-ins, two double-slot plug-ins» or 
one four-slot plug-in. Its plug-ins. hawe%-er, were much sim- 
pler than those en\1sioned for the HP S3480, A single-si ot 
module could not contain all tlie sampling circuiti>\ micro- 
wave liardware, and digital control circuitrj' necessary ixi 
e^'^en the simplest HP BS4B0 plug-in. The leant decided that 
while the HP 83480 should still have four input channels, 
acceptai>le plug-uis would be restricted to tw-o-slot and four- 
slot modules (no four-slot modules have been introduced to 
date). 

Plug'ins come in two styles: optical and electrical. Optical 

plug-ins include one optical input channel and one electrical 
input channel while electrical plug-ins consist of one or two 
electrical input channeb, Opti<^al meastirement bandwidths 
range from 2 GHz to 30 GHz and electrical measurement 
band widt lis range from 12.4 GHz to 50 (iHz. Plug-ms are 
also available that provide electrical TDR measmements 
(see article^ page 32). 

Tliree optical plug-in modules have been introduced: the HP 
S;M85A, HP 8;W85B, and HP a34SlA. Each optical plug-in 
module Is optimized for particulai' SONET/SDH transmission 
rates from 155.52 Mbits/s to 9,95328 Gbits/s. A simplified 
block diagram of an optical channel is shown ui Fig. 7* Each 
optical chamiel consists of ^m opticaMo-electrical converter 
followed by a microwave trmisfer switch which routes the 
electrical sigjtal either directly to the tnicrf)wave satnpler or 
first through im electrical low-pass filter The overall fre- 
quency response of the filtered t>ath <:onsistiJtg of the 0/E 
converter, transfer switch, filter, sampler, various semirigid 
cables, and the associated mismatch ripple meets the 
SONET/SDH reciuiremenfs for a reference leceiver This is 
not a t rivial objective; it requires careful design of the lilter 
IVeqm^ju'y response and low VSUl^ terminations in the asso- 
ciated rirctiits. In addition, eacvh optical channel includes a 
huili-in average optical [jower monitor (For more infomia- 
lion on the optical pkig-in module design see the article on 
page 22,) 

Manufacturing 

The manufacturing processes for the mainframe anrl plug-in 
modules nre heavily leveraged fiom existing processes for 
t!ie IIP 54720 and HP 54120 oscillostxjpes. The mosi signifi- 
Cimt manufacturiiTg development cliallenge was the test 
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processes for the opticd plug-ins. Frequency response cali- 
bration was a panit ular challenge because of the extremely 
tight toleratice imposed on the reference receiver by the 
SONET/SDH staiKlards, IIP engineers worked closely with 
the U.S. National Institute for Standards and Tcclmology 
(NIST) to implement a test system accurate enough to meet 
the intent of diest^ standards (see article, page 37). 
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Firmware Measurement Algorithms 
for the HP 83480 Digital 
Communications Analyzer 



Parametric measurements measure waveform properties such as rise 
time, fall time, overshoot, period, and amplitude on either a pulse 
waveform or an eye diagram. Mask measurements compare the shape 
of the waveform to a predefined mask. Eye parameter measurements 
measure properties that are unique to eye diagrams, such as eye height, 
eye width, jitter, crossing height, and extinction ratio. 

by Michael G, Hart, Christopher E Dnft, and Stephen W. ffinch 



All iinpr>i1ant piirt of tiie HP 834lS0 digital communications 
juialyicei^ is jis t^xtensivp set of built-in measurements 
designed especially for telecouimnnications applications. 
Intenial finnware algorithms permit the user to quickly mea- 
siu'e wavefonu properties thai would be tedious and error- 
prone to measure manually. The algorithms also eliminate 
tlie subjectiveness inherent in a manual mtvisuremenl. Of 
course, any built-in measurement is only as acciirate as its 
firmwaie algorithm. A ma,jor olijedive for ibis inslnimenfs 
design team was (o develop robu^>t aiginidmLs lajjuble of 
producing reliable Results in virtually all srtuaiions. 

The HP 8rl480s built-in measurements (kill into tlirc^e general 
talegories: 

• Parametrit* mea^uiemt^nts measure waveform properties 
such as rise time, fall time, oveisboot,, perioil, and ampli- 
bide on eiUier a |)ulse wavefonn or iui eye tiiagram, 

• Mask measurements compj;u-e the shape of the wavefonu to 
a predetined mask. If any part of the waveform int nides into 
the mask, it is counted as a failure. 

• Eye piuaineter nieiisnrements measure properties that art* 
imique to eye tUagranis, such as eye heijiltt, eye wiilili, jit ter, 
crossing heiglit, and extinction ratio. 

Parametiit* m ea.su rt^inent-s vim be made in either a reiij-tinie 
mode or a stati.stieal mode. In the leai-tinM* morle tbe mea- 
siuremetit. is iierformed immediately on each acquired w^ave- 
fonn. In the sraiislic;il mode, liistfjgimns are used to perform 
the nu^isuremetif on a datal)ase representing multiple wave- 
form acquisitions. Mask and eye parameter measurenients 
are inherently statistic^al paiametera and so are only mea- 
sured using liisfograms. 

Dei^igu Leverage 

As much as possible, die firmware de.sign of the HP 83480 
was leveraged from existing crxU" for die HP r>472() digiti:«ing 
oscilloscope.' Tlie llPr>47id incor|)onded aji extensive set 
of very acciu'ale pulse iJarHmeler measiirenK^nl-s togellier 
with bjLsic mask test, crapalji lilies, llie pjtranietric nieasure' 
menbi ditl not funciion on eye diagrams. Ijowever, no tills 
capability needed to lie added, A numher oljidditioital eye 
param et er metLsi i r ei ne 1 1 \^ were de vt! lot* ^"^ I . hi u\ I h e e x idling 



mask test capability was extensively upgraded to include 
such features as a full set ofstandarfl telecom masks, built-m 
mask m^irgins, and fixed voltage masks. 

An unpoitant feature of these measurements Is tl^at they 
operate m real time. automatic^iUy updating t>r^ every acqui- 
sition of the waveform. Before the HP ^"HTSO, HP liigh-speed 
oscilloscopes made meastirement.s in a single-shot mode. 
When the user pushed ttie button to determine rise time, for 
instance, the oscilloscope stopped acquiring data and made 
the measiiretnent on a frozen waveform display. Ttie real- 
time meiisttrement mode was considt^red much mtjre conve- 
lueiif, bul h increaserl the complexity r>f the algorithm 
desigtL No! only did tiie algorithms need to be accurate, 
they also had to be fast enough not to slow down instrument 
operatJ on perceptibly, 

Param e trie Measurements 

I'rom die outset, the design team wanted the parametric 
measurements to operate correctly on both t^dse wave- 
forms aiul eye diagiams. I'his proved \u b*> a ch til length in 
several ways. First, whilt^ the lEEK has ttevelopeci sttmdard 
defuiitions for such parameters as rise timet fall tmie, antl 
overshoot for simt>le pulse waveforms, no similar standards 
exist for eye diagrajiis. To fi eve lop tbc^ appropriate defini- 
tions, team members sfjenl many hours in disctjssions with 
potential users to understand tiieir needs. Altemative algo- 
rithms were extensively tested to determine those that best 
niet exi>ectations. 

A secontl challenge arose because of the different signal 
{'oding fonuats tised on the various electrical tributary rates. 
For examtjh^ vvi\y\\n ltHv-i>it-rate transmission formats use a 
bipolar coding scheme known as alteniate mark inversion 
(AMI). In this fomial, eacb successive logical one bit is repre- 
senf,(Hl \>y a i>nlse of [>olarhy opijosite to that of tlie previtms 
jjulse. In the case of a US-l signal at 1.544 Mbits/s, for in- 
stance, the aittplMude {if the fimf logic 1 pulse is specified as 
-h :3.tJV while the atnijlitutie of tjie next is - 3.(JV. Subsequent 
logic^ one pulses alternate between these tw^o levels, Tlie 
algorithm For measnririg rise time on an AMI i>ulse wave- 
form had to be vt^rsatile enough toprociut^e tlie correct 
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display mode. This mode maps tiie database into seven dis- 
play colors, witii each color representing a specific range of 
database hits. The algorithm that determines tlie range of 
hits CO rrespo ruling lo eacti color was carefully chosen to 
provide a ineaniiigl'ui display regardless of the maximum 
muliber of hits in the database. This display provides a vmy 
powerful I hree-dimensional \iew^ of the eye diagrmn fFig. 3). 
It clearly sliows the most prevalent paths of the signal as 
weli as spurious noise and jitter. 

Histogram measurements are derived directly from the data- 
base. A histogram window is set up to select a range of rows 
and colunrms to be included in the histogram as sliown in 
Mg. 4. A vertical liistogram is computed by windowing across 
a shce of time and plotting the frequency of occuirence for 
each tiatabase roiv. A horizontal iiistogram is computed by 
windowing across a range of voltages and plotting tJie fre- 
quency of occurrence for each database cohmm. 

The HP 83480 can display the histogram with either a linear 
or a logariiJimic scale. With the hnear scale, the histogram is 
plotted in liits per division. With the logarithmic scale, the 
histogram is plotted in dB per division. F'or each pixel, tl\e 
displayed value is found from: 

N 

where dB Ls the displayed value for the pbtel in dB, N is the 
muuber of hits in the pixel, and P is the peak number of liits 
within the histogram wimlow. 

The linear scale is useful for looking at the peak and dis- 
tribution of the histogram. The logaritlunic scale is useful 
for observing the tails of the histogram. 

In addition to the pictorial representation of the histogram^ 
the HP 83480 computes a series of parametric measurements 



Fig. 1, The EP 8348t} measurement algorithmii are designed to 
operate (\orrectly on alternate mark inversion (AMI) waveform.^ 
regardless of whether tlw display shows both positive aiid negative 
pulses (a.) or only a positive pulse (b), 

result wliether the onscreen display was set to show only a 
single positive-going pidse or botli positive-going and 
negative-going pulses (Hg. 1). 

Histograms and Color-Graded Displays 

Since eye diagrams are essentially a statistical representation 
of all possible one-zero waveform comhitiations, it makes 
sense to measure their waveform properties staristically To 
do this, powerful database and histogrmn capabiUties were 
developed, and these became the foimdation for the new 
measurements. 

The database in the HP ^3480 corresponds to tlie size of die 
display — 451 colunms by 256 rows. Every waveform regaid- 
less of record length or number of vertical bits is mapped 
onto this databt^e structure. Behmd each database locarion, 
or pixel, is a 16-bit comiter. Each time a waveform strikes a 
particclar pixel, it is recorded as a "liit" at that location and 
the counter for tliat pixel is incremented by one. Up to 
65535 liits can be cotmted at each pixel (Fig. 2). 

To give the user an easy visual indication of the distribution 
of data m the database, the instrument uses a color-graded 



Display 
Pane 



HEts 




Fig* 2* Waveforms are mapped onto a dambasf for statisticiil 
analysis. Tlie database consists of 115,456 pixels arranged in 451 
columns by 256 rows. Each ptisel can record up to G5,535 wave- 
form hits. 
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Fig. 3. The color-graded display 
ituxli^ (jroviflci^ a visufil n^presenUi- 
tioR of tiip vvavefonii distribution. 



oil llif^ tiistograni &ai:i. Ttie width of i lie liisfogram, iht^ aver- 
age value, Uie stajuiarti devialiou, and ilu^ nieaii value plus 
juid minus one, two, iuui three staiKiard deviations are all 
useful |>Hrajneters for undemtai^ding the noise aiid jitter of 
ail eye diagram. 

Eye Parameter Measurements 

Measurements of eye pariimeters ai'e made by automiilk-ally 
coast nicting IiLstogninis over selected regions of the data- 
ba*^e while in the cok^r-graded display mode. Although tliese 
measurements could technically be made without activating 
the color-graded display mode, tlie design team decided that 
this was the best way t^o ensure tliat what the user sees on 
screen is conelatefi witli Uie data hi the database. 



The measurement algorithms construct veitical and hoiizou- 
tal hisiograms to search for reference features In eye dia- 
grams. Most eye parameters are referenced to four funda- 
mental properl ies of tlie eye diagram: 

• 7b/) level , V^j^jp, is the mean logic* ont? level. 

• Bajie t.emiy ^hn^^ ^ ^^^ mean logic zero level 

• Eye crossing refers to the starl of the bit period By conven- 
tion, this is dcQned iVi the point in time where the risuig and 
falling edges of the eye hilerseti. C'rossing time is defined as 
trrosfiing. iind cfossing ajnjilitude is Vcn^ism^^ 

• Thresffoid rrosi^htffs are <it^rineci as the tmies at which the 
signd crosses predeHned threshold levels wiiile making the 
transition i>elween iogit^ levels, TViiical tlireshold levels 
used on mi optical eye diagram are 20%, 5(y^v and H(M of 
iimplltude. 



Histograni i5 enabled. 



Ht3t yifidc^i 




5Dale 13.905 khits/div offset D hit^ 



Default 



Fig, 4. I list.o^irams are usett to 
analyze wavefurni statjstus. lis 
tjas cxaiuple a vertiiral hislogj-^ini 
hits bpeu roust.rufted in a rcrUiti- 
>5ular window innide Ui€* XI -X2, 
Y1-V2 markers to deteram^e the 
IT I rat 5 Iridic: nni' ImcI uf Ute \nilsi\ 
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Fj^, 5. VerlJcal >iistograms are used to fmd t,he mean logic one and 
logit' zero levels, In Lliis eXitmple, the hislifgrairi e.vls^rirls the fuU 
wifJrh or file eye. 

The algorilJims lor findrng these values have l>c*en designed 
to accommodate a wide range of eye diagraiTi shapes. V,,,^ 
and Vjjjjj^e, for example, are detemiined by first fiiidin^ the 
peaks of a veitical hisl.ograni constnicted across the ciata- 
base iis shown in Fig. 5. V^jip is the mean value of Oie u()per 
peak and Vyy^isv '^^ ^ht» mean value of llie lower peak. The 
standajxl dc^viations of ttiese values are the mis noise levels 
on the logic one and logic zero levels. 



own (iependencie.s. An ordered list of measurements is per- 
formed hy I racing dept^ndencies using a lerhniijne first de- 
veloped for the 111' r)472()." Tlie equations for eye parameter 
measurenmnt-s are as follows: 

• Eye neighl: 

• Kye Width: 

• Q Factor: 

• jitter (nns): 

• Jitter (peak-to-peak): 

• Crossing Lt*vel: 



Eye crossing times iu^e lo**aliMi using an iterative al^orillim 
on a horizontal lusfngnmt. The initial! hislogrmn Is construc- 
ted on a wkidfiw that jiLst excluties the V,j,j3 and Vb-^^^. data 
as showTi in Fig. fL Freaks in this tiistf)gram indit ate the 
approximate locations of eye crossings. To tlnd the cross- 
ings more precisely, a subsequent histogram is t:onstructed 
in a narrow window about the approxinialx^ crossing point 
amplitude. The mean value is the crossing time, t^. 



rsissiMR; 



and 



the standard fle\iatit>n, t-VnisKiJigj is the nns jitttT. Crossing 
arii|)Utude is rimrul by taking a vertical hisiogruin on li\e 
same window. 

Rise time, fall time, overshoot, and duty cycle distortion 
nu^asiirements depend on finding rising and hilling edges ou 
tJie eye diagnun. The UP 8^M8d finds threshold crossings i>y 
fomiing horizimlal histograms using narrow windows cen- 
tered at. eacli tlireshold level. 

More complex eye parameters are calculated from a set of 
constituent measurements, which in tuni may have their 




Fig. 6. I^orizont^ hi.stogranis are used to find tli€^ eye (^rr>sKing limes. 
The viindow is set to exclude the logic one and zero level data. 



(yum ' Vi^.J 
Duty Cycle Distortion: 

|*risiiigo(W) - trajiiiigntrnj 
Ctcrossiiig2 ~ t^YfjssittglJ 

Ovt^^^hoot: 



X wim 



X 100% 






X mm. 



In the ahove equations j Otop is the standard de\iation of VVop. 



tTli, 



. is the sland^u'd de\iation of Vh^iHt^ <^r 



mssm^ 



I Is the stan- 



dard deviation of t,. 



nssiiig' i^rismgi 



^YitimgjriiYh is llie time at which flie 



rising txlge reaches the SiJ'Xt \Mnui between Vinj, mid \"iijiscm 
Uaiiingr,(r^j, is tlic lime at which the 1'iilhng edge reaches tlie 
5M l>oint t)et.ween Viy^^p and V^jiisi,, and V95 is the aniphtude 
of the 95th perct^ntile of the data in a vertlcid histogiam 
wtK>se lower liound is V(j^p and whose utiper lioiind is the 
top of tile screen. 

The user can control several ineasurement factors: the eye 
window i}\vv which V,^Jp aiHl V^j^^e me luefisuted, the signal 
type of the eye pattern, and the pen^entile for voltage tluesh- 
okfs, Tlie industry has not yet adopted n consensus for how 
(o measure Vt,^|, aiHl Vh^^,. Some users wmil the histogram 
window to extend across the full bii intenal while others 
])reter only a narrow^ window al>out ihe center of the eye 
wheie the Itjgic levels have settled to steady state (Fi|^, 7). 
VVitii ihe HP 8^^480 the user can window on miy time inteiva] 
from to Kum of tlie eye. Tlie default window is ± im* 
arountl the center of the eye. 

The IIP 8^3480 can measuie panuneters on three chffereui 
signal l>TJt's. OpticiiJ signals use a sttuple hinaiy code called 
nonreUini'to-zero, or NRZ. Ultli tliis code, die hght is tmTied 
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itfHl 



Fig, 7, MeiLfi i>ne and zero levels on the sanie data as in Fig. 5 but 
rrjijnd by u1rido^\lnfi on only a narrow region about Ihe center of l\\ti 
eye. Notice ttie difference in the lu^c one fiistograrn conipared to 
Fig. 0. 

on for the fulJ dtiration of a logic one pulse and turned off 
for nearly off J for the fuU durdtion of a logic ?.ero jjube 
Electrical telecommunication signals use two different cochng 
fontiats. Alternate mark mvemiun, or AMI. is a three-level 
formaf in which a logic xero is represented by a zero-volt 
signai mid logic one pulses dternate between jjositive-going 
and negative-going voltages. Coded mark inversion, or CMl, 
is a binary signtil in which a logic includes a na^isition at 
the center of the bit peiiod wf\ile the logic 1 does not. The 
HP 83480 can nieastire waveform parameters on all three 
signal types as well as unencoded periodic waveforms. Eye 
pararrieter measure ments such as eye height, eye width, and 
extinction ravio are perfonned only on NRZ signals. 

The threshold \^aiues used for characterizing rising and fall- 
ing edges can be defmed by the user Rise times of electrical 
signals are traditionally nieasured from the Km amplitude 
point to the 9M amplitude point. On optical signals, these 
points are often obscured in the noise, so 2(y^j-to-80'Ki thresh- 
olds are frequenUy used. The HP 8M80 can use these or any 
othei" usiM'-specifled ttiresftohl values. Thresholds can also 
be defmed ds expUcit voltage or power levels. 

Extinction Ratio 

ExtiJictioiv ratio is a critical parameter for laser transmitters 
becatise it Ls a measure of the signal-to-noise level of the 
system. It is defined as the ratio of the logic one level 
atnplitude (Vutp) to the logic zero level atin>Htude (Vhsm^), 
Mlhougli conceptually simple, both hardware and software 
considerations make the extinction ratio difficult i<j n\easure 
accurately.'^ The impact of hardware design is described in 
the article on page 22, The most important software consider- 
ation is the removal of dc offset. 

A principal source of dc offset comes from the optical-to- 
electrical (0/E) cornerter at the vertical chamtel input. 
Internal oscilJoscoiie n Upsets can also play a role. Miile the 
HP 83480 has been designed to minimize these offsets, it is 
not possible^ to eliminate them completely To correct for 
aity residiitil ofTset, the HP 83480 requires an initial offset 
calibratinn. Tlu^ user fust rejuoves the sigtial itijait from the 
optical chartnel, I hen pushes the Offset Cal softkey. The IIP 
83480 atil.omatically measures aitd stores the offeet, V^njipij 
by taking the meait of a large ntmiber of samples. Normally, 
onct^ this calibration is done, it lu'cd not be repeated for' liie 
test of Ihe day unless the instrtmtent's temperature changes 



by more than about fi^ e degrees. The UP 83480 allows 
extinction ratio resuhs to be displayed in one of three 
formats: 

• dB: iOIog[(Viop - V^,ife^0/O^base ^ V^set)! 

• Ratio: (Ytop - Voffs^*:) / f>' base " ^offeet) 

• Percent; t(\^base ~ %w^)^(^m - Vogget)] >^ 100- 

Extinetion Ratio Frequency Response Correction 

Extinction ratio measurement accuracy can be heavily Lnflu- 
enced by the barf 1 ware tiesign of the vertical chamtel. One 
potentially serious source of error is the frequency response 
flatness of lite chatmeL To measure extinction ratio accu- 
rately» the ac gain and the dc gain of the charuteS ntust tie 
identicaJ. A iow-fi-equency gain mcrease of even 0.5 dB can 
lead to a large meastirement error. 

This is a very challenging design objective and is a major 
reason why the HP 8M85A plug-in module (see article, 
page 22} employs a nonampllfied optical channel. However, 
some users need to measure lasers operating at wavelengths 
or fiber diaineters for wliich HP does not presentiy provide 
a sokttion. Other users need additional sensitivity to measure 
exlreiriely low-level signals. In these cases an external 0/E 
converter having a nonideal frequency response may have to 
t>e used. 

Recent research has showri that it is possible to coiTcct in 
software for frequency response eiTors in hardware.^ The 
IIP 8t3480 provides the ability to enter an extinction ratio 
frequency response correction factor To deteimine this cor- 
rection factor a signal with known extinction ratio is applied 
to the 0/E converter's input and the me^isured extinction 
ratio is recordecL When both extinction ratios — known and 
itieasured — are ex|3ressed in perceiU, the fref|uency respoi^e 
error is a constant, independent of the actual extinction 
ratio. The value of this constant (in pereeni ) ran he entered 
iitto the instrument, wliich Uien automatically c:orrects the 
reading. Once entered, the correction factor is in effect re- 
gm'dless of whetlter the extinction rafio i.s dis(jlayed in per- 
centj in dE, or as a ratio. With vim\ nieasureutf^nt, acitiracy 
of better than 1% is possible when usuig this technique. 

\MiiIe the use of fretiuency response correction considerably 
improves the rneasurentenl accuracy when using a nonideal 
f >/E converter, it is not a miiversaJ sokition. In general, the 
correction fact or differs depending on the ciata rale, so a 
single numlter is only appropriate at the data rate for which 
it was determined. Depending on the frequency re.sj:)onse 
characteristics of the external 0/E conv erter the correction 
factor can show slight setts itivlty to varying data pattern 
characteristics even at a single data rate. 

Mask Measurements 

Mask tests are ofteit used in production environments bb an 
attemative to eye paraniett*r analysis. I3y cotnpiiring im eye 
fiiagram against a predefined mask, the overfill quality of 
the waveform catt be assessed in one quick measurement. 
A ntask consists of two parts, as shown in Fig. 8: 

• A set of regions, or polygons, on the osc iiluscope screen 
that define keep-rmt areas for the wavelornt. Waveforms 
that intntde into these polygons are counted as mask 
violations, 

• Defmilions oJ the time and amplitude scales for the mask. 
Miuiy masks use an amplitude scale that Is defmed I'elative 
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HP EyeUne Display Mode 



Sequentisl sampling oscilloscopes normally dispfay ^ye diagrams as B 
series of disconnected points on tJie screen, WJiile these pnJnis accu- 
rately represent al] the combinations of ciEgitized bit patterns, each point 
is Dbtained from a separate tngger event, so there is no way to determine 

ej<act characteristics of any specific bit combination (Fig. la). 

When sampling Ifve data there is no alternative^ byt when samplmg 
repetitive waveforms such as pseudorandom bmary sequence (PRBSI 
patterns it is often possible to showttie individual bit sequences, This is 
done by synchronizing the oscilloscope trigger with the pattern repetition 
rate, in this case, the oscilloscope repeatedly triggers at the same point 
in the pattern, so the display is a sampled representation of that segment 
of the pattern. 

This display mode, called pattern triggering, is commonly used in situa- 
tions where the device under test can be stimulated with a digital pattern 
generator from a bit error rate tester (BERT) Pattern generators typically 
include a trigger output that can be set to produce a trigger pulse at the 
start of each pattern. The problem has been that until recently, it has not 
been possible to accurately display portions of the pattern far from the 
tngger point. While it is theoretically possible to show different parts of 
the pattern by increasing the oscilloscope delay, in reality this is imprac- 
tical because of accuracy and jitter limitations in the oscilloscope time 
base. 

Tfie HP B3480 offers an optional HP Eyeiine displsy mode (Fig, 1 b), which 
overcomes this limitation. HP Eyeiine display mode takes advantage of a 
new feature in the HP 71604B and HP 7161 2A pattern generators that 
allows the trigger point to be adjusted hit by bit within the pattern. 

The HP Eyeiine display mode runs as an appfication program that loads 
from the HP 83480's 3.5-in disk drive and allows the instrument to control 
the pattern generator over the HP-IB [IEEE 48S. I EC 625). The equipment 
setup is shown in Fig. 2. (HP Eyeiine display capability was first intro- 
duced in the HP 71501 Eye Diagram Analyzer using a different method to 
accomplish the same result.'") 





Fif . 1. Sequential sampling Dsciltascopes show eye diagrams as a series 
of drsconnected dots [a}. Using the HP Eyeiine dfspjay mode (b| the indi- 
vidual bit patterns can be distinguished. 



HP-JB liiterfadfl 



HP 71G049 

or HP 71612A 

Pattfirii 



Trigger 
Qui 




HP B34&D Digital 
Communications Analyzer 



Trigger 
Jn 



Fig. 2, Equipment setup for HP BfBlm display mode. 



to the meaia one and zero levels of the eye. Others require 
fixed voltage levels independent of measured signal levels. 

Tlie earliest masks were simply drawn on the oscilloscope 
screen witli a grease pencil. Later oscilloscopes included 
riRiintenUirj^ built-in mask drawing featines. A limitation of 
d^ese instamients wjis thai the nia^ks w^ere dra\\Ti in screen 
coordinates that ilid not relate to the scale of the waveform. 



As the user adjusted the horizontal or vertical scales the 
niask remained fixed on the screen. 

The mask incEisureinent capabilities of the HP 8348(1 are far 
more powerful than in any previous instrument. The mask is 
referenced to true time and ampiiiude cooiduiates so that as 
the user changes the oscilloscope settings, ttie mask follows 



18 



Dec^mbei' 1990 Hewlett-Packard Journal 



)Copr. 1949-1998 Hewlett-Packard Co. 



m^sk 





Rf . 3, HP Eyeline mode allows ttie use of signal averaging to resolve signals 
from noise. The display fii la) shows how a low-level signal appears in the 
ordinary sampling oscJIInscope display rncde. The same signal is shown Jn [bl 

using Eyeline rnode wclh 64-lraceaveFagiriy applied. 

When the HP EyelEne program is running. Ihe HP 83480 sets the pattern 
trigger location and samples one data point for each rspetrtion of the 

pattern, The pattern generator transmits the entire data pattern between 
successive triggers. After an entire waveform record is taken (typically 
500 to 4000 points, depending on the record length selttngi, the HP 83450 
programs the pattern generator to delay the trigger point by one bit and 
repeats the process. Eventually, the trigger point moves through the 
entire pattern, and the eye diagram shows all possible bit combinations. 




Rg, 4. Error trace capture using HP Eyeline mode. The upper trace shows the 
complete eye diagram. The lovt/er trace shows the bit pattern leading up to a 
mask violariorr. A custom mask was constructed to capture only those waveforms 

showing extreme overshoot. 

One advantage of the HP Eyeline display mode is that it allows the use of 
signal averaging to reduce the effects of noise. [Averaging is not possible 

on an ordinary sampled eye because ttie result is the average between 
ttie two logic levels, causing the eye to collapse.) Signals too small to be 
seen without averaging can be readily identifjed usmg the HP Eyeline 
mode, as shown m Fig. 3. Another advantage is thai it can aid trouble- 
shooting by sfi owing the bit sequence leading up to a mask test viola- 
tion, as seen in Fig. 4. Tfiis can be used to identify the cause of pattern 
dependent errors- 

Despite its advantages, the HP 83480"s HP Eyeline display mode is not 

the solution to all problems. It can only be used with HP pattern genera- 
tors having a programmable trigger output so ft is not suitable for analyz- 
ing live traffic. And because it relies on multiple repetitions of the paUern 
to generate the eye, it is most suitable for short pattern sequences that 
repeat rapidly. At an OC-48 data rate (2.48B32 Gbit/s), for instance, a 
complete eye showing all bit combinations of a 2^ - 1 PRBS pattern 
takes less than two seconds to generate. A complete 2^^- 1 PRBS 
pattern at the OC-3 data rate (155.5Z Mbits/s), however, would take 
7.3 years! 

Reference 

1 C. Miller. "High-Speed Digital Transmitter Characterisation Using Eye Diagram 
Analysis/^ Hewfeu-Facksrd Journaf, Vol, 45, no, 4. August 1994. pp 29-37 



the waveform. It is also easy to rescale tiie mask for different, 
data rates or amplUude levels. 

Ttiert* arp two ways to cT(*att^ niaslLs. A taige riuint>er of stiui- 
dard tfleconiiimnicatitins [iiaske; mv Iviiilt into I lie ijistrunieiil 
(see Table !). These maslcs t'£ui be called (jnto the screen 
with the toiicti of a liiitton. For tifjnstiiJKlarrl needs^ tlie iiser 
can create custom nuisks. 



Vp In rigli! polygons emi be created using the display as a 
drawing pa*! iind the kiioli to contjol the vertical and hori- 
zontal coordinate of each polygon point. All polygon coordi- 
nates Are normalized to the dimensions of the eye diagram. 
For exaiLipUv ({),(}} ref presents the zero level of the first 
crossing aiid (14) represents the one level of the second 
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Pig. 8. (.■finr'tipt. of mask ieslkig. 

cTrtSiiting. Sijecial values are also used for the vertical axis 
iiiininiLini anrl n\ai:imurn to represent the bottom aii^l top of 
ilw siveen regaiilli-ss of the \Trtk'al scale. AbsoUilf (ime kiiii] 
am})litufle sealer tire deOned separately from the relaitve 
coordinate system. 

This coordinate system pemiils the entire mask definition lo 
be compres-sed or expanded in either axis by assigning new 
anifilitiide or time values to the (0,0) and (1,1) eoordinates. 
h also ensures that the rtuusk tracks tlio signal when llu^ linie 
base or amplitude sellings ai^e modlHed. 

Mask Margms 

U\ u maiiufactm ing environment it is often desirable lo add a 
rest line inaigin \u indusiry-siaiidard masks. At otlier limes it 
is useful to reduce the sijse of the mask to del ermine by how 
much a wavefomi fails the test. Tlie mask margin ^■apability 



of the IIP 83' 180 makes these tasks easy. This feature allows 
niinimum imd maxim luii margiu tiinits to be tletuied ^is sepa- 
rate masks around the stimdard mask. The margin mask ean 
be set as any (}c^rcentage from - 10()% under to + IOOKj over 
the standard mask ( Hg. ). Minimimi and maximum mask 
nuu'gins are included in die defmintions of the standard 
masks. 

Table I 

Standard Masks in the HP S3480 Digital 

CommunicatiQns Analyzer 



Optical 

OC-1 

OC43/STM-1 

OC-12/STM-4 

OC'~24 

OC-48/STM46 

FC''266 
FC'631 
FC-lOfi:] 
FDDI 



Electrical 

STS-1 ijulse 
STS-1 eye 
ST&-3 pulse 0. 1 
STS-:3 eye 
DS-1 

I)Sn2 

FDII 2.048 
PDl 18.448 
PDll 34,4 
PUIl V^^,2r^ 



Mask Alignment 

Before a mask test is conducted, the juask must l>e proi>erly 
aligned to tlie waveform. Tile HP 8^i48() provities twu metJi- 
ods of automatic alignmeiU. In the tlrst, known as tHttsff-fo- 
ivavejhnn alignment, the mask is aligned directly to the 
tli splayed w^avefonn tmd the instiument spittings are left un- 
chaiiged. When this mode is initiated the nrmware measmes 
reference points on I he eye diagram and positions tlie mask 
to ahgn it to the data. 

The second aligmnent method is known as the/if// display 
mode, in this method, the instrunu^nt scale settings are 
automatically attjusted to center one full eye fiiagi-am on the 
screen reganiless oflnitial settings. Rll display makes the 



\^Bl tc^t 15 er^abled* , * 



Rutom&slc, 




3Ttt^/GC12 

t^tsl (uriis 500 

fai 1 ed iafiris 

total samples 675.000 k 

lj_Ll^d ^amp*irs 



mask Riarsin ^Wi 

fotai hits 

rtargiri hits 

tnask hits 



Done 



Fig, 9. M^usk margins are used to 
idd ^uardlmnds for [jrixiuction 
1 estuig tn this f xaiopile a 40% 
margin lias In 'en addini lo aii 
iridusiry'Stiiiitlartl OC% 12 nvdsk 
i\l 522t *^ Mbils/s. 
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most effitienl use of the data and so pro^ides the most accu- 
ral e lest results. The mask-to- wavefomi mode, however. 
produces much faster results. 

Most standard masks are defined ^1ih aniptitudes relative to 
the signal tunplit ude. These masks auttniiatically rescaJe to 
fit sigi^als with different ampUtiides. However, a few masks 
are defined using explicit \ oil age levels. For these fixed- 
voltage templates the instrument automatically aligns the 
time position of the mask but mountains a fixed vertical 
scaJe as defined in the standard, 
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Walter Coole did much of the development of I he HP Eye- 
line software program, and .\!ark WcKxIwjml provided many 
valuable insights into the measurement of extinction ratio. 
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Design of Optical Receiver Modules 
for Digital Communications Analysis 

These three bit-rate-specific optical plug-in modules are essential 

components of the HP 83480A Digital Communications Analyzer, They are 

for data rates of 155/B22 Mbits/s, 2.488 Gbits/s, and 9.953 Gbits/s. 

by Christopher M. Miller, RandaU King, Mark J, Woodward, Tim L* BagweQ^ 
Donald L. FaMer, Jn, Joseph Strain icky, and Naily L, Whang 



Tlie transmission rates of leJecomniimicailon systems based 
on fil>er'0[jtic- standards such as I tie HyiichioTioiis (Jpticai 
Nemoik (SONET) and Synchronous Digital tiierarchy (SDH) 
are at multiples of 51.84 MbiUs/s. A signiric:ant amount of 
opliral telecomiiuinications netv^'ork equipfncitt opeiates at 
three, (welve, or foUy-eij^lu times this huulament^l rale. 
Currently, new equipment is being depltjyed that operates at 
approximately 10 Gi)its/s, or one hunflret! ninety-i wo times 
the fundamental rate. 

Differing measurement retiuirements at tliese specific Int 
rates, along with I he modularity availahlc from tlie hardware 
airhi t ec ( 1 1 re of 1 1 1 e H I* H^UKI t c* oj n n m 1 1 i < a h < j 1 1 s a n aiyie n 
allowed the design team to tailor phig-in mtjiiules for each 
applic-ation. This modularity also benefits customers, who 
can contlgure an instrument that best meets their current 
needs, then later modify it easily as tlieir needs change. 
To date, three optica] plug-in modules have been released. 
They aic: 

• HP 8;J481A 15D/622-Mbit/s opticaMo^Iectrical module 

• HP 834S5A 2.488-Gbit/s opticaMo-electrical module 

• HPa3485B 9.95:3-Gbit/s optical-to-elec!rical module. 

Measurement Requirements 

The meiisuretnenl requirements inherent in the design and 
nianufachiring of digital conmnuiications systems drove the 
speciOc design eliuices made for each plug-in module. The 
HP 8^1480 instriunent family Is used to characterize digita! 
conmumications signals in the t ime domain, Tliese signals 
aie tyi^ically broadbaial and usually include a dc component. 
As an example, the inspection a^id analysts of eye diagrams 
are tyi^ical customer measurements. ^ Eye diagrams are con- 
structed from multi])le overlays of successive bit jml.tems 
with a synchronized trigger; To display the eye thagram 
properly, the measinemetU system must have sufficient 
bandwidth to show the fast ti^ansitions. 

A measurement systenx is often most easily characterized in 
tenns of its frequency response, or die magnilude and phase 
of the transfer fimction. Tills can be relatefi to the time- 
domain imiDulse or step response peilbrmance by an inverse 
Fourier trtuTsfonn. Thc^ uptimmn frequency response of a 
measiu~cmcnt system depends on the wavefonn measiaement 
parameter of greatest interest (rise and fall times, ovei'shoot, 
etc.)' A rule of thumb for reasonable measurements of rise 
and fall times is tliat tlie — 3-dB bandwIdUi of the tiansfer 



function be at least three times and preferably five times the 
hit rate lo be measured. Ideally, the nansfer function should 
have a well-behaved r<jll-off and lineai" phase to prevent ring- 
ing or other measurenu^nt atjerrations. The design taiget for 
the optical iilug-iji mt>dules was to achieve a compromise 
between fast rise yjid tall times and excessive ringing. This 
was accomjjlished by controlling the amomit of high- 
freqnency peaking and siri\ing for a Gaussian-like impulse 
response. 

Very flat low-frequency perfonnaiice is required for stable 
measurements of h)gic levels that extend over many bit 
perio<ls. which occurs in botli long-patteni-length pseudo- 
random Innaty sequences (PRBS) mid live data triuismis- 
sions. This is important, for instance, for accurate extinction 
ratio measurements. Extinction ratio is defined as the ratio 
of the signal power m the logic 1 state to the signal pt>wer in 
the logic state. It is an impoitant measiuement of the 
disUnetion between logic states, the essential function of a 
digital communication system. 

For a plug-in module to serve as a reference receiver, the 
frequency response must, at a minimum , comply with the 
low-pass Bessel-Tliomson transfer hmctiou des<'ril>ed iu the 
SONET/SDII standaicls. In fad, matheuuHicai simulations 
can demonstrate that even reference receiver frequency 
responses tiiat technically meet the tight SONET/SDH stan- 
dtuds can cause unacceptatile time-domain artifacts that 
cortiijromise the accuracy of extinction ratio measm-ements. 
'f here fore, Die re Ls m\ advantage to a receiver frequency 
response that closely matches tlie ideal transfer fimction. 
It is critically important that tiie low-frequency tiansfer 
fimition. down in dc, l>e well-behaved. A low-frequency gahi 
variation that eithei' rises or droops will cause inaccurate 
extinction r'atio measurements. For example, simulations 
have showTi that a 0.2-dB low-frequency rise (Tpvhich is with- 
in tlie SONET/SDH stEuidard specifications) can cause an 
extinction ratio measurement of 10 to be in eiTor by 10%,'^ 
In a manufacturing en\iroiiment . such an error might cause 
the incon'ect rejection of a good component. 

Finally, the plug-in modules slioultl have a dyuamic range as 
large as possible, A high input power compression point 
exiends the signal meastirement range available to the user 
widiout adding an external optical attenuator. Noise consider- 
ations limit the low^ input signal range. Since these plug-in 
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modules are often used for nourepeddve waveform mesr 

suremeni.s (such as eye diagrams), wav'efonu averaging 
often cannot be used to provide noise reduction. 

Plug-in Module Over\iew 

E^ch plug-in module coniains an optical input channel with 
an optical-to-electrical (0/E) converter^ at least one switch- 
able SONET filter, and an electrical sampler with its associ- 
ated pulse genemtion ctrcuim'. hi addition, each plug-in 
module has an electrical input channel and a trigger input 
to route the irigger signal to the mainframe. A generalized 
plug-m block diagram is shown in Fig, L 

The 0/E conversion starts with a photodiode thai con^ens 
the incoming photons of light to a proportional electrical 
current. Because dtese receiver modules are intended to 
operate at the priniarj^ single-mode communication wave- 
lengtJis of 1310 mu and 1550 rnn, InP/lnGtLWlnP p-i-n photo- 
diodes are a'^ed. One of the m^jor design choices is whether 
to add an electronic amplifier inunediately after tl^e 0/E 



converter. This selection hinges mainly on a tmde-off 

between the channel ssgnal-to-nolse ratio and frequency 
response. Amplified 0/E converters can improve the ser\si- 
ti^ity of the channel by reducing the effective noise con- 
tributions of the subsequent elecironic circuit stages. How- 
ever, amplified O/E converters present nwre challenges in 
meeting the stringent frequency response requij^ments for 
optical reference receivers, ^peciaUy at the higher data 
rates. 

The detected electrical signal can be filtered to comply with 
the commimication standard for reference recei\^ers. Each 
plug-in module comes with either one or two SONET/SDH 
filters appropriate for the 155-Mbil/s to iO-Gbit/s transmis- 
sion rates. These filters have a fourth-order Bessel-Thomson 
low-pass transfer function with a characteristic fretpiency 
( — 3-dB frequency) at 0.75 times tlie transmitted bit rate, 
Aroimd this transfer function there Ls a narrow tolerance 
window that depends on the bit rate. One of the key con- 
tributions of tlie HP 83480 is that the entire instiiunent 
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meets this filtered response, not jusi the optical receiver. 
It) aflflitiont other i-omnitinication ftiamlard Tihvm am be 
installed miiieet special customer reqiiireineiits. Of course, 
all the flhers can be swit.<*hed out of the detected signal path 
lo allow ttie maxitniun available nieasurenieiit bandwidth. 

Sampling Circuit Description. Signals at these bit raten cannol 
be digitized flireril.y in rval time. There aie currently no 
aiialog-to-digital couverleis sufficienlly fast to uieet tJiese 
measQi-ement bandwidth lequireuients. histead, a sampling 
technique is used tJiat allow^s th(* display of signals that are 
both repetitive and have a stable trigger,"^ Many digital com- 
munications siignals lit Ibis ciescriptifHi well enough to make 
the analyzer a veT>^ usebtl niea-snreinenl tool, Whilt* many ol' 
the details of a samijling circ uil me lieyond the scope ol this 
article, some insight mto its function will provide an under- 
standing of how the diffeient plug-hi modules Iiave been 
oiJiimizeti 

A sampler can be thought of as a very ijist electrically con- 
trolled switch. A fast pulse is lused to turn on tlie switch, 
wiiich is coiuiected to the analyzer input poii. ^^Tiile the 
switch is onj a current related to tiie input signal flows into 
a capacitor. Tlie auKJimt of ctiaige transfciTcd during the 
stuuplc intei'V'al in proportional to the signal present at that 
instant. If a stable trigger is available, w^e can eventually 
build up a represeiUation of the iiituit signal by scaiuiing the 
tiine posidon of the sampling apeilure r'elative tcj the triggen 

Some design complexity is required to build an olectrical 
switch of sufficient spee<1. The sampling circuit consists of 
duee main blocks: the sampler microcircuit. a step-recovei> 
diode pulse generator w hich fires die sampler, iuid an anipli- 
fier and IF filter chain w^hich resliapes the response of the 
sampler output into a bipolar pulse. The IF output tlius gen- 
eral eii is sent to the mainframe for fmther professing and 
display. The sampler and the step-recoveiy diode pulse 
microcircuits are leveraged from I he previous-generation 
HP 54120 Series sampling oscilloscopes.^ 

It is not easy to generate a fast symmetric electrical pulse 
directly. Instead, the step-recoveiy diode pulse microcircuit 
provides a single faUing edge with — 70-ps transition time. 
Hiis w aveform is sent to the sampler wiiere it jiropagates ou 
a slotluie transmission line stnicture. The slottine is termi- 
nateti t>y tlte package wulK effectively forming a short circuit. 
When the step-recoveiy di<jtle pulse edge reaches the w^alL 
an inverted reflection Ls generated mid propagates in the 
reverse direction. The total voltage across any pcjim along 



the slotline is the sum of both the incident step-recovery 
tliode inilst* ami the invert eft reflected piilse. At an electric:al 
distance from (lie package wall equivalenl to one-half the 
pulse fall tiinej the voitage wavefoim is roughly triangulai- 
widi 7i)-ps rising and Falling edges. Sampling diodes are 
placed on the slothne structure at Oiis point. Tliesc diodes 
form the actual switch element. 

The sampluig diodes turn on when tiie total voltage pro- 
vided by tiie step-recoveiy Lhode pulse and its reflecrion 
exceed the effective reverse voltage on the diodes. At 
that time the signal from the O/E converter is comiected 
(switched) to a holding capacitor (see Fig. 2), wiiich collects 
ciiarge. By cf>nl rolling the reverse bias voltage across the 
sampling iliodes, the sampling apertme and therefore the 
bandwidth can be adjusted. A DAC (digital-to-analog con- 
verter) within tile plug-ui module provides tins fimction. 
Fourier lr;^nsr(jrm Lheor>^ sliow^s that the sanualmg aperture 
time is inversely i el a ted to the effective bandwiddi. For a 
20-GHz; t^andwitithi tlie sampluig aperture is approximaleiy 
20 ps. 

Why not make the samjilmg aperture as small as possible? 
As is usually the case, there is a tiade-off involved. Here it is 
noise versus bandwidth. A laiger samphng aperture memis 
more charge can be collected per sample, resulting in a high- 
er signaUto-noise ratio in the subsequent signal processing. 
It also means a reduction iji rtieasuremejit bandwidth. In 
reaiityt the trmle-offs are not quite tliis simple. Tfiere are 
noLse contributions horn tiie sampling diodes that also in- 
crease at higher signal levels, hi addition, lai'gei' signal levels 
also roquii'e more dynamic range in succeeding stages to 
avoid satmation effects. Therefore, selecting tlie appropriate 
sampler paranu^ters is a key factor in the optimization of a 
piug-in module. 

Once the charge has been collected, it must be amplified and 
shaped Ijy II lie ring before beuig transfeiTcd to the mainframe 
for processing. The amijlifier RjI lowing the sampler is con- 
ceptually an operational amplifler with a lesist or/capacitor 
feedback tietv^^ork. The feedback resistor needs to he ;is 
large as possible to muiiniize its noise contribution. Other 
system constraints and practical physical values Umit the 
t:*hoice to a ma?dmum of about 100 megoluns. Tlie input 
noise of the amiJlifler itself is minimized by using a discrete, 
low-noise, differential FET inpul folhjwed Ijy a precision, 
tiigh-speed op amp, Signifu ant tlesign effort was expended 
on this circuit and the effective noise performance of the 
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chaise aitipliller and IF cirruitiy is at least twice as good as 
the pre^ious-geriemtion prodycts. 

Because of the narrow sampling a|>f riure. the sampled 
charge appears as a near-ioipul^ lo riie much slower folio w- 
jng amplifier This amplifier stage e%'entiially responds and 
produces an output pulse with an exponentialiy decaying 
tail I hat ts proportional to the impulse amplitude. The sub- 
sequent filter sections in the plug-in module ac-conple ihe 
pulse» winch prei'ents any drift in the dc level from alteriug 
riie signal amplitude. These IF filter sections shape the 
exponeiidally decaying signal inio a bipolar pulse* opriiiuzing 
the signal-Eo-noise mtio before the analog-to-fJigital con\'er- 
sion is performed m the mainirame. hi atidjtion. the bipolar 
pulse provides a slowly changing peak aniphtude so tlial the 
analog-to-digital conversion instant is less sensitive to timing 
variations in the mainframe. 

By repetitiv-ely sami)lLng tJie signal and usini^ a sync*hrontJUS 
trigger with a variable delay, a representation of the input 
signal can eventuaOy be constructed. The siimpler cau only 
be triggered at a relatively low rate (40 kHi), so it lakes 
multiple mput signal cycles to complete the measurement 
process. If the IF signal is a faithful low-noise electrical 
representauon of the mput op I if a I signal, the piug-in module 
hardware has done its job* 

Eieclrical and Optical Calibration, The electrical smnpUng 
process is iniierenrly nonlinear. To reproduce the electrical 
waveform accui^ately, a lookup table stored in the plug-in 
moflule provides the mapping from the input signal to the 
IF output for each sampler chamieL For liie best module 
performance, the user can perFfjnn im elet Tri<'al rahliration 
by selecting a soft key on the front of the juainftrame. A built- 
in algoritimi applies internal reference voltages to the sam- 
pler inputs, cohering Ihe allowal>k' input range and automat- 
ictilly j^eneratin^ the ciiiibralion taijle. 



The optical chaimel requires an additional calibration renii 

to account for the optical-to-e!ecirical convetsion efficiency 
of the O/E converten This conversion efficiency is dei^endent 
on the wavelength of the optical signal. Factory calibnition 
constants are sfored in the niemon^ of each plug- in module 
for I'JlO-nm and iSBO-nm wavelengtiis. The linearity of the 
O/E conveners is excellent, so a single caMbration constant 
is sulTK'ieni over the aUowable optical input power range. 
Users <*an perform opilc^ cMibratlons at oiher wavelengths 
by tLsing an optical source with an accurately known power 
level This also allows an operator to remove small insertion 
loss \ariations of the input comtector for high-precision 
measurement applicatioas. 

A convenient featui^ of tlie piug4n module is the ability to 
monitor the average optical power accurately. The average 
ciurent from a reverse-biased p-i-n photodiode is tljrectly 
proportional to the average incident optical powen Tliis pro- 
portiouaUty constant is determined during die (jptical cali- 
bration process and is wavelength dependent. ITie average 
detected current is monitored by a variable-gau\ amplifier 
networki winch provides a dynamic range of jusl over 30 dB. 

Shown in Fig. is a photograph of the three currently Rvml- 
able optical plug-in modules. Tlie side \iew of the plug-in 
moduli^ reveals the optical converter, samplers, step-recovery 
diode pulse generator, transfer switch, and filters. 

HP 83485A Plug-in Module 

Tiie HP 83485A plug-in mociule is an integrated solution tai- 
geted for testmg laser tnmsraittef^ oi>erating at rates up to 
2.5 Gbits/s, For parametric measurements the optical clum- 
net offers a selection of either 12 or 20 GHz of well-behaved 
measurement bai^dwichli. As preWously described tliis band- 
wldUi clioiee is uiatle i>y changing tlie bias on the sampler 
diodes- The 12-GHai mode offers l>etter sensitivity, having 



Transfer Switch 



Samplers 



Pulse Generator 



Filters 



Transfer Switches 




Optical Convrerters 



Fig. 3» Thrr^t^ o|)li(^::il-loH-Winc-HJ plujtj-in rtHHluk^s ure avajblik 



DecpJTiber 19f)n I It wk'tt-Pat ■ k unl . h mn \ui 25 



)Copr. 1949-1998 Hewlett-Packard Co. 



only about half as much channel noise as the 2O-GH2 mode. 
For SONET/SDH compliance testiixg at data rates of 
622 Mbits/s or 2.5 Gbits/s (ciependiiig on which standard 
filter option is specified), the s\\itchable low-p^iss filter 
shapes the overall frequency response of the channel 
Filtered measurements are always made in the 12-GHz mode 
for best sensitivity, since the channel bandwidth is alreiicly 
limited by the narrower electrical filter bandwidtli. In adcii- 
tion to tiie optical charmel, a 20-GHz electrical channel and a 
2.5-GHz trigger input are provided. Like the optical channel, 
the electrical chaimel can be switched to a 12 -GHz mode for 
improved sensitivity. 

Meeting the SONET/SDH specifications at 2.5 Gbits/s is a 
challenging task for optical transmitter niaimfacinrers. These 
customers want a measurement system thai contributes as 
little additional error as possible because measnremenl 
errors can reduce their manufacturing yields. Therefore, 
a significant effoit in the design of the HP 83485A plug-in 
module was aimed at providing an accurate frequency 
response, Tlie optical channel incorporates a 2{)-GHz un- 
amplified 0/E ronverier to maintain the highest integrity for 
eye diagram and mask compliance measurements. While 
many imiplified optical receivers now on the market claim 
compliance with the SONET/SDH standards, some still suf- 
fer from unacceptable frequency response variations. In the 
HP 8.^85A plug-in module, these v^ariations are significajit ly 
reduced. 

Optical Converter The optical -to-electrical converter in the 
HP 83485A is similar to diat of the HP 83440 family of stand- 
alone optical receivers/^ The optical detection is performed 
by a custom 25-pm-dianreter InP/Ino 53Ga^) 47As/hiP p-i-n 
top-ilhnninated mesa photodiode, wiiich absorbs the incom- 
ing inf Hired light and converts it to an electrical cuirent. Tlie 
device allows light with wavelengths from 1200 to IGOO lun 
to pass through the antireflecUon coating and tlic top p-type 
hiP layer and be absorbed in tiie intrinsic h:iGaAs layer below. 
The absorption of photons creates electron-hole pairs in the 
active layer These carriers aie then swept out by an eiectji- 
cal field formed by an apphed reverse bias.^' Tlie carrier 
transit time across the InGaAs layer and the device capaci- 
tance determine the frequency response of the photodiode. 
A thicker intrinsic layer results in a lower device capacitance 
and a higher photodiode responsivity^ w^hich is the ratio of 
the detected photocurrent to the input optical powder. This is 
true until the tluckness is increased to a point wiiere the 
quantum efficiency is unitj^ or all the incident photons are 
absorbed H A thicker intrinsic layer also contributes to a 
longer transit time, so the thickness has to be carefully 
chosen to achieve the optimum photodiode bandwidth and 
responsi\it>^ 

The optical launcfi is required to have low^ optical reftectioris 
and majdimun coupling to the photothode. Optical reflections 
from a recei\ er can cause unpredit:*tal:)ie mettsurement vaiia- 
tions in some transmission systems. Any reduction in the 
power coupled to the photodiode produces a direct impair- 
ment in the signal-ta-noise ratio of tlie measurement system. 
Tlie oiiticiil lautich in the IIP 834S5A O/E converter uses a 
single graded -index (GRIN) cylindiiral lens to couple light 
mto the smdi-area photodetector. The input fiber and the 
photodiode are liked with respect to the optical axis to 
reduce reflections. The lens faces are antirefiection-coated, 



resulting in optical return losses that are typically greater 
than 50 dB at each interface. The input optical fiber is 
locked in place using a specialized high-stabihtj' epoxy. 

The optical converter package is hennetic, A mesa photo- 
diode structure can he sensitive to moisture » resulting in 
increases in both dark current (reverse-bias photocurrent 
tiiat flows without any light present) and noise. Water vapor 
can also cause a number of other senii conductor reliability 
problems. To provide lienneticity, the microcircuit package 
is sealed with glass and metal. The body and lid are made of 
gold-plated stainless steel. Glass-to- metal seals are soldered 
into the microcircuit body to provide electrical connections. 
A lens is soldered into the microcircuit lid to provide a her- 
metic optical port. This allow^s the input optical fiber to be 
attached with epoxy, since it is outside the hennetic wall. 
After the photodiode and other circuit elements are die- 
attached to the microcircuit floor and wire bonded, the lid 
is soldered to the body in a dry helium atmosphere. 

The major modification made to the O/E converter used in 
the HP 8348 5 A is the addition of a 50-ohin tliin-fihn netw^ork 
ai the photodiode output to pro\ide a good electrical output 
match. This tent\ination network is required to minimize 
reflections between components that can add frequency 
response rip])le. Without tlie SO-ohni termii^at iot^, the high 
output impedance of the phot:odiode would create a severe 
nhsmatch wifli tiie filter input, resulting in excessive ripple 
in the filtered response w^hen used in the reference receiver 
mode. The tw^o most important sets of reflection pairs are 
between the O/E converter and the low^-pass filter and 
beiW'Cen the O/E converter and the sampler. The 50-ohm 
termination network in the O/E converter provides at least a 
26-dB output match from dc up to 5 GHz, where interactions 
widi the filter are critical. "Hie tenuination network, how ever, 
does uitroduce some peaking in the O/E converter response 
near 20 GHz. The frequency response of tlie sampler is 
ac^usted accordingly to generate the best overall chaimel 
frequency response- Shown in Fig. 4 are the measured mifil- 
tered and filtered frequency responses of an IIP 83485A- 
based digital communications analyzer. 




1 2 5 

Frequency (GHz} 

Fig. 4. Measured frequency responses of the HP S3480 digital 
coiiuiiunicatiDns analyzer with HP S348dA plug-in module. 
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Because of the low c^dcal conversion gain ( —ZOV/W) that 
results from the unamplified O/E con%'erter. there is a poten- 
tial for poor plug-in module sensltivit>'. To alleviate this con- 
cenij acyustments were made to the sampling parameters. 
Tliis resulted in a t>pica! optical noise level of only 8 pW rms 
for the 12-GHz bandwidth setting. 

HP 83485B Plug in Module 

Itie HP 8a4a5B is a compaixion module to ttie HP S3485A 
and provides an iniegrated solution for testing laser trans- 
mitters operating at 10 Gbiis/s. The HP 83485B also consists 
of an optical channel, an electrical channel, and a trigger 
channel. Its optical channel includes a fourth-order Bessel- 
Thomson low-pass filter* which can be switched into the 
[neasuremeni path for making the compliance measurements. 

The design of the HP 83485B is leveraged from the HP 
83485A, allowing reuse of most of the internal primed circuit 
boards and mechanical stmctures. To achieve an increased 
channel bandwidth, a higher-speed, 14-|im-dianieter photo- 
diode is used in the O/E converter, along with higher-band- 
width samplers in both the optical aj\d elect nr*U channels. 
The combination of these new components provides over 
30 GUz of bandwidth in the optical channel For the electri- 
cal charanel the higlier-band width samplers are biased to 
provide 40 GHz of electrical band\ddth. Tlte amplifier and 
IF filter circuits following tlie sampler and the optical aver- 
age power monitor circuits are identical to those in the HP 
83485A plug-in module. Calibration of both the electrical and 
optical channels is also the same for thi.^ plug-in module. 

Currently there Ls no SONET/SDH indtistry stand^ird for the 
frequency response performance of reference receivers 
used in testing l()-Gbits/s transmitters. Expectiitions are, 
however, that the frequency response will liave a shape simi- 
lar to the fourth-order Bessel-Thomson transfer function 
used for the lower bit rates, but witii wifler tolerances. The 
HP 834B5B filtered performance specifications give the best 
possible foun hornier performance while niaintainmg good 
manufaciur ability. 

The liigher bandwidth required for the HP 834S5B forced 
several design and perfonnance trade-offs. The most impor- 
tant trade-offe concerned the O/E converter mui the sampler 
At these higher frequencies, parasitic conipouents in the O/E 
converter are more difficult lo control which ran result in a 
frequency response that includes some pejiking. Tiie photo- 
diode is followed by a termination circuit to provide a 5Ck)hm 
output match. Without the tennination circuit, the photo- 
diode frequency response is very well-behaved. If tlie ter- 
mination circuit were ideal this frequettcy response would 
be presented. Itt practice, however, the bond wire required 
to connect the photodiode output introduces a parasitic 
inductance. Tl\is inductance resonates witii the — 80-fP 
photodiode capacitatU'e, resulting in a peaked frequency 
response. 

In tlie time dontain, this type of resonajvce would manifest 
itself as overshoot and ringing in response to an optical 
impulse at tiie input. These measureitient artifacts nn^ unde- 
sirable for precision time measurements, so it was neces- 
sary to make atyustmeuls to both the unllltered and filtered 
fre(]uency responses. In the unfiltered niode, the samjiler 
frequency resimnse is adjusted in riuniinize tjie efferi. In the 



filtered mode, the roll-of!s of both the filter and the sampler 
were customized to compensate for the high-frequency 
peaking. 

At 10 Gbits/s, mi^natch ripple between the O/E converter 

and the filter can be si^tificant. Ai these higher frequencies, 
the output impedance of the photodiode is dominated by its 
capacitance. By adding the termination circuit, the output 

impedance of the O/E converter is nominally 50 ohnts at 
lower frequencies, but eventually becomes capacitive at 
hi^er frequencies. The circuit was desigited to minimize 
litis effect, but it could not be completely eliminated. Other 
potential mismatclt ripple contributions are minimized by 
selecting the best possible components in the filtered path, 
such as switches and connectors. 

The filtered frequency response also reqtJires good control 
of the hardware filter parameters. At lower bit rates* a toler- 
ance of ±0A 6B can be achieved for the passband region. At 
10 Gbits/s, however, the filter elements become quite small 
in value, making manufacturing consistency more difficult. 
Correlation between the frequency response measurements 
of isolated filters and measurements of the optical channel 
in filtered mode is also important. A few tenths of a dB of 
absolute error is possible fi'om the netv^ork anai^Tier systems 
used to make the filter measurements* Tlie tolerance on the 
filter response is specified as ± 0.5 dB in the passbaitd. 
When assembled into die complete instrument, the plug-in 
module meets the transfer fimction specification with a tol- 
erance of ± 1.25 dB to 7.5 GHz, the characteristic frequency. 
\^Tiile in principle controlling the mismatch ripple is impor- 
tant to avoid distorted eye diagrams and meastirement errors, 
computer simulations show that the level of mismatch ripple 
present in the HP B-WHnB filtered path does not significantly 
affect extinctioii ratio measurements. Shown in Fig. 5 are 
the meastired unfiliered and filtered frequency responses of 
an HP 8;3485B-based digital communications analyzer. 

Finally, the higher-bmid width O/E converier an{l sampler 
have lower conversion gains, wliich results in a somewhat 
lower sensit ivity for the HP 8M85B plug-in module. Once 
again, the optical channel sampler bandwidth was acijusted 
in the filtered measurement mode to give the best possible 
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Fig. 5. Measured frequency resiionse.n of tlie HP HM8() digital 
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sensitivity. This results in a 15'^W nas noise level for the 
30-GHz bandwidth setting, 

HP 83481A Plug in Module 

C'onijjliaiicc testing of 155-Mbitys and 622-Mbit/s l-ast^r tnins- 
mitters is the intended applicatioti for I he HP 83481 A pkig-in 
module. Whereas laser transnii tiers for 2.5 Gbils/s and 10 
Gbits/s are used primai ily for Umg-liaul U'Btns mission, ti ans- 
niitters at 155 Mbits/s aiid 622 Mi)jts/s are used for shorter 
distance transniissioii and more \ ailed applications. For 
sonie applications, the hiscr output power requirement is 
lower, which necessitates a metisurement recei\ er with better 
seiusitmty. When this is tlae case, a low-noise amplifier can 
be added to the 0/E converter, before the sampler, to im- 
prove the noise figure of the entire receiver. The HP 83481 A 
waij designed with an amplified 0/E convertjer for just such 
measurement needs, 

Li a{idition to an atnphficd 0/E converter, the HP 83481 A 
provifles the customer with two sviitch-selectabie Bessel- 
Tliomson filters for comphance measurements at eitJaer 
] 55 Mbit-s/s or 622 Mbits/s. Integration t)f these two fdt ers 
within the receiver si^ificantly im]:>roves measurenient 
repeatabihty and reliabihty. The user can aJso select an ui> 
filtered mode wliich by]jasses tlic filters to provide the entire 
amplifier bandwidth for pimunelric measurements. The rest 
of die plug-in module, beginning at the sampler, is leveraged 
from the HP 834S5A. 

The ampMer approach chosen for the HP 8348 lA is a custom 
traiisimpe dance design realized in a proprietai-y highspeed 
silicon bipolar IC process. This 10 process is well-suited to 
delivering the level of performance needed to meet the 
demanding requirements of tive SONET/SDH standards for 
reference receivers, Aii amplifier bandwidth of 3 GHy. witli a 
converslOM gain of 500VAV' was acliieved. A low noise floor 
of approximately 1 |i W rms results in an overall ampliiier 
dynamic range of nearly 30 dB. 

The design of the amplified 0/B converter attempts to pro- 
\'ide the iLser with a well-beliaved pulse response for the re- 
quired compliance measurements^ of laser trajisn litter wave-, 
forms. The muplifier is dc-coupled and the low- frequency 
gain is carefully controlled to give a staljle pulse settling 
beha%ion Pulse overshoot and ringmg are damped to a suit- 
able degree hut Jiot so much as to seriously degrade ilse tune. 
The low ouq>ut impedance available mth this IC teclniologj^ 
meant that a series resistance was needed to match to 
50 ohms. Consequently some conversion gtun was sacrificed 
to improve the output match. Fig. 6 shows the frequency 
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Fig* 6* Frequency response of the amplified optica] converter of thp 
HP ai48 1 A plu^-in rtKidule. 
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Fig, 7, Measured freqtiency responses of rht- HP H'UW tJigiUil 
comjniitTiLations aiial>'zer with JIP 8^i481A pluj;? in module. 

response of the anipliiled converter used in the HP 8348 lA. 
Flatness to die 0.75-bit-rate characteristic frequency of 
466 MHz is better than 0.3 clB peak lo pcai<. The small thp 
in gain from 500 MHz to 1 GH^ is caused by the bond pat] 
capacitance of the transinif^e^ii^uice K\ Peaking, common Lo 
aU transijnpedance amplifiers, is beiow 1 dB aJid is well 
beyond the SONET/SDH specified ftequency range. WitJi Uiis 
level of perfomiance, the amplifier contributes only about 
half the allowal>le de% iat ion from the ideal reference receiver 
transfer function. Sliown in Fig, 7 are die measured mifiltered 
frequency response and the two filtered frequency responses 
of an HP 8:348 LA-based digital communication analyzer 

Transimpedance Amplifier. The schematic of the complete 
amphfier is shown in Kig, 8. The trans impedance front end is 
fonned by transistors Ql to Q3 with resistor Rj- (1100 olims) 
setting the overall traiLsimpedatK e gain. A single-sta^c volt- 
age gain block (QL Ri) was chosen for maxlnnini pha.se 
maj'gin mul lias a gaui of 17. Transistor Q2 Ls a buffer and 
transistor Q^^ provides an additional level shift to increase 
the maximum output vohage swing, Q2 is also pait of tlie dc 

(continued on page 30} 
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TVansimpedance Amplifier 0/E Converter Design 



A block diagram of the ampJified 0/E com^ner of the HP B3481 A 
155/B22'Mbit/s optical plug-in module ts shown in Fig. 1 B>e phoiDciiooe 
funciions as a detector ^vtiose outpy! cufmnt reprodtces the efwelope of 
the recsjved optol signal The dei&cted electrical srgnal is then ampli- 
fiBd by a presmptifier which is followed by a postamptifier capable of 
drivmg a 50-ohm load. A variety ot devices can setve as photodetectors, 
including p-i-n phatodiodes, avalanche photodiodes, photoiransistors, 
and phoiDCOBduaofS. Howevar. for high-speed tnsiru mentation applica- 
tions, thg p-hti phcftDdiode is favored because of its performance, sim- 
plicity, and price. 

Itie sensitivity and dynemic range of the amplifier are largely determined 
by the design of ttie preampJifier Preamplifiers can be classified intD two 
basic categories voltage amplifiers and trsnsimpedance amplifiers The 
generalized schematic of a voltage ampiifier is shown in Fig 2 The photo- 
current, ipcj. develops a voltage across a load resistance Rl and this voltage 
is amplified by a voltage ampliffer with gam A. To use thfS converter for 
in staj mental ton appltcattons the folio wmg relationship must be satisfied: 



1 
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> B. 



The dominant pole frequency formed by bad resistor H^ and capacitance 
Ct must be larger than or equal to the deSEred bandwidth B, provided 
that the preamplifier bandwidth is sufficiently higher. Cj is the total 
capacitance at the input of the preamplifier, consisting of the diode 
capacitance, preamplifier input capacitance, and variaus parasitic capac- 
itances. However, the sensitivity of this converter is relatively low, be- 
cause only a small voltage signal is developed across a small load resis- 
tor FIl. vvhile the Johnson noise current generated is relatively large. A 
low value for R^ is required to satisfy the above bandwidth relationship. 
The variance of the equivalent noise currant for this front end is: 



(0 = 



4kTFB 



where R^ is the load resistance. F is the amplifier noise figure. B is the 
bandwidth, k is Boltzmann's constant, and T is the absolute temperature. 

From this equation it can be seen that if we can increase the load resis- 
tance and somehow maintam the overall bandwidth we can reduce equiv- 
alent input noise current and therefore improve the converter sensitivity. 
This can be achieved by employing the transimpedance design Here the 
load resistor R[ is connected as a feedback resistor on an inverting volt- 
age preamplifier with gain -A as shown in Fig. 3 Provided that the pre- 
amplifier bandwidth is sufficiently high, the overall bandwidth will be: 



B = 



+ A 



ht^iCj 



This equation shows that the bandwidth is increased by a factor of 1 + A 
over that of a voltage amplifier converter with the same Rl and Cj. 



I 



Phfitedioile 



-^ Preamplifier 



Dfivcr 



► 




Photodjode A 



p^ 



fk — Ct 

V V 

Rg. Z PhatDdiodc wrtti voltage amplifier 

Furthermore, the strong negative feedback around the preamplifier 
decreases its susceptibility to component variation and improves the 
dynamic range over the voltage amplifier CDr)vefter by the ratio of the 
open-loop gain to the closed-loop gain 

The main concern in using a transimpedance amplifier is its ac stability, 
The output current feedback formed by resistor R^ m conjunction with 
capacitance Cy results in input voltage feedback and 90 degrees of 
phase shift at the input of the voltage amplifier The inverting amplifier 
contributes a phase shift of 180 degrees. This means that an additional 
90-degree shift in the preamplifier would guarantee oscillations. In prac- 
tice we need to maintain a minimum phase margin of approximately 45 
degrees up to the frequency at which the preamplifier open-loop gain 
becomes less than one. In other words, the pole formed by Rl^t should 
be the dominant pole in the ctrcuir to achieve the best stability, and the 
pole internal to the voltage preamplifier should be substantially higher m 
frequency so as not to influence the overall frequency response. However, 
to achieve the highest possible frequency response. Cy is often mini- 
mized so that the dominant input pole frequency approaches the pream- 
plifier internal pole frequency This results in frequency response peak- 
ing The gain increase at high frequencies improves the slew rate of the 
transimpedance amplifier, but introduces a certain degree of overshoot 
and undershoot, and moving those two poles even closer together re- 
sults in additional ringing, ultimately leading to oscillations. 

The gain of the transfmpedance amplifier is expressed in ohms and its 
gain-bandwidth product is expressed m ohni-Hz. For a given device tech- 
nology and circuit design the gain-bandwidth product is constant, so it is 
possible to trade bandwidth for gam provided that the ac stability is 

maintained. 

The driver amplifier in fig. 1 provides the final amplification of the signal. 

It can be as simple as a buffer amplifier to drive a low-impedance load or 
it can provide an additional gam and signal conditioning function 
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Bu* 1. Black diagram of amplified 0/E converter. 



Fig. 3. Photodiode wilh transimpedance amplifier 
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(contmuad from page 2B| 

level temperature compensatioii. Capacitors C | aiid Cf intro- 
diice ze?ros into the preamplifier frequency response, further 
increasing the phase margin. The driver ajnplificr was chosen 
for its simplicity atid is Implemented with a double enutter 
follower capable of driving low-iiripedaTic:e loads. Tlie over- 
iill tran-simpe dance of tfiis amplifier is 1000 ohms and its 
intrinsic bandwidth is 5.2 GHz, resulting in a gaui -band width 
product of 5.2 THz-ohm. The mtrinsic bandwidth is the 
bandwidth with an ideal zero-capacitance pholodiode. 

To stabilize the dc output level, the IC has passive tempera- 
ture compensation. Active temperature compensation is 
capable of achieving essentially zero dc drift but it usually 
affecLs the frequency response and ac stability of the amph- 
fier The passive temperature compensation is obtained by 
causmg tlie temperature drifts of tlie components in the sig- 
nal path to cancel. At the output of the trans impedance pre- 
amphfier there is a positive voltage drift equivalent to the 
drift of tlie base-emitter junctions of Qi and Q3 in series. 
This would ideally be cancel eti by the negative voltage drifts 
of base-emitter junctions in the driver. However, because 
the current densities of tliese transistors arc not identical 
there is residual temperature drift of 76 |iV/^C. This low vtil- 
ue is suitable to minimize drill of the signal on the screen of 
the communications analyzer and allows accurate extinction 
ratio computations. 

To keep the amplifier response as flat as possible, a special 
constant-impedance ladder network was designed into the 
bias circuit of the IC. This circuit is made up of three sec- 
tions of low-pass impedance tiansformers. The sections 
have progressively lower cutoff frequencies as the distance 
from the IC is increased. The advantage of this approach is 
that the unavoidable lead intluctance is absorbed into tlie 
impedance transformer network, A sepiuate network feeds 
the positive supply lines of the preamplifier and driver sec- 
tions of the iC. This circuit pro\1des a constat^t impedance 



of 7 ohms to the amplifier sections over the entire frequency 
range. Fiesonances are suppressed by the resistance of the 
bias network and a flat frequency response txj dc is achieved. 

The negative supply is less sensitive to low-irequency reso- 
nances but it has a different problem. The negative bias port, 
feeds botli the input and the outi^ut sections of the IC, and 
this is an undesired source of feedl^ack. Tliis couplmg is 
made worse with increased bond vme inductance in the 
ground path. The effect nianifests itsey;' in increased fre- 
quency response peaking and some droop in the gain. The 
sotutlon is to minimize the total ground bond length. All bias 
elements aje integiated onto a tlun-fihn substrate and a laser- 
shaped cutout is used to allow the !C to be mounted in close 
proximity to the bias circuit and flush with the top of tlie 
substrate. Multiple gromid bonds of minimal length can be 
made to the substrate with this approach. Tlie frequency 
peaking that results is typicaliy less tliaji 1 dB, 

Optical Launch and Package. Besides the requirements that 
ttie optit al lautich have low optical reflections and maximum 
coupling ttJ IJie pholodiode^ care must be exercised to ensure 
that no reflected rays can couple back mto the input fiber. 

The other design constrauit is to minimize aberrations of tlie 
iEimiinated spot on the photodiode that faQs predominantly 
within the 25-fim -diameter active region of the photodiode. 
This must l>e juaintained over the teniperature range of the 
instrument. To n>eet these goals an ^tspheric lens with a 
magnification of about 2 was chosen. Tlus lens miages fight 
fi-om the 9 fxm fiber core diameter to a .spot size ol about 
5 ^im on the photodiode surface. The lens is coated widi an 
antirefiective layer and is moimted at a 20-degree angle to 
minimize reflecfions. Tliis angle is enough to keep reflected 
rays from the photodiode siuface from falling within the 
numericai aperture of the lens. 
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The lens aiid amplifier coraponents (see Fig. 9) an? mounted 
inside a hermedt' package to protect the photodiode. A 
single-mode fiber is attached outside of the package, A sap- 
phire window brazed into the lid of the package allows light 
lo pass from the fiber to the lens- Since the window is tilted 
relative to the oplicai axis, an angle must be chosen that 
keeps the polarization dependent loss (PDL) at a reasonable 
le\^eL An angle of 1:^ degrees was ciiosen for ihe \widow, 
which keeps PDL below 1,.3%l This design eHinmates die 
need to provide a hermetic seal around tlie fiber, thus sini- 
plii>4ng the mechanical assembly process. The end of the 
fiber is polished at an angle to minimize reflection fi^m this 
interface. Using this design a return loss in excess of 55 dB 
is readily obtained with negligible impact on coupled power 

The package design goal was to create a higlily rehable 
hermetically sealed package to meet aU fiincfionality and 
manufacturabiMty requirements. In selecting niaterial for the 
package, Kovar (21*'.H> Ni, 17% Co + Fe) was chosen for its 
low thermal exijansion. winch closely matches that of the 
thin-film circtiits aiui glass seals inside. Also. Kovar is an 
excellent material for laser welding and has good corrosion 
resistance. Pig, 10 shovt's a picture of the complete converter 
package. 

A new ceramic brazing process called artive mcial brazing 
was introduced by the manufacturing engineers for atlach- 
menl of Uie sapphire window to the Kovai' litl. Tliis new pro- 
cess eliminates the necessity of premetaUization of ttie sap- 
phire window edges by using a special atuive braze alloy of 




tms Ag, ;M.26% Cu, 1.7^ Tl. 1% Sa During brazing, the oxi^ 
dization and difTusion of tlte active allowing element, Tl in 
I his case, creates a chemical bond at the inetal^eramic 
int^^rfat^. By means of this relatively simple and n>hiist new 
process, the cost saving realized in making this window/lid 
assembly is estimated at 70% compared with the conventional 
process. 

The Kovar lici is hermetically atta«:hed to the body by laser 

welding using a Nd:YAG pulsed laser The key to a sound 
weld joint is to keep a tight and consistent fit between the 
lid ^Lfid the package body. Gold plating in the weld area has 
to be removed before welding to prevent cracking. Tlie 
entire package assembly has withstood strife testing that 
involved teniperature cycling fix^m — 50 ""'C to 4- 85^C. ran- 
dom vibration at 8g rmSj and medianical shock to ISOOg. 
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Differential Time-Domain 
Reflectometry Module for a Digital 
Oscilloscope and Communications 
Analyzer 

The HP 54754A differential TDR plug-in in conjunction with the HP 54750 
digital oscilloscope or the HP 83480 digital communications analyzer 

significantly improves the speed and ease of mal(ing critical 
measurements in todays high-speed systems. 

by Michael M. McTigue aiid Christopher P. Duff 



With the advent of higlipr-speed systems, the issue of signal 
fideliiy has l)e< r>nie increasingly important. To maintain sij^- 
n;iJ fidelity' at these higher speeds, designee must be able lo 
rediite discontimiities iii die signal ]:iath and reduce coupling 
effects between different signal palhs. Tu tins end, many 
newer designs make use of cUfferential transitiissiori lineK. 
.'Vri inipoilant tool in iLnalyKing signal [>a(lis is (iine-clomain 
reflectonKUo^ (11)H). Diflerential TDR niakes Ihis task easier 
and less tinie-consmrmig for dilTerential Iransmissinn hnes. 

To analyze and optimize a differential transmission line sys- 
tem easily, the TDE system shoidd have (.'eiiain feaiiires: 
■ Fast display throughput, A standard teciuvique ir^ TDR is to 
obsen^e the TDK trace while probing tlie line with a small 
capacitance. This heli.is locate the various points along the 
line* W the display throughput is too low, this process is 
tedious J especially if averaging is used to see small effects. 
Pull stimulus/response matrix. To fully characterize a differ- 
ential transmission hue, the TDR system should allow con- 
trol of both the stimulus antl the response. Examples of 
possible needed measurements are differential response to 
different iahmode stimiUus, diffej enlial respoase to common- 
mode stimulus, connnon-mode response U) diri'ereniial- 
mode stimulus, single-side response to ditterential-n^ode 
stimuhis, and so on. Unbalanced differential lines and 
imperfect term Ituit ions cati cause one mode to couple into 
the other, making it difficult to understand signals on differ- 
ential lines. Being able to look at different comer cases of 
the stimulus/respotise matrix can be a big heip in under- 
standing these effects. 

Automatic calculation of parameters. The usefulness and 
ease of use of a TDR system aiT gieatly enhanced if the 
sj^stem c^ombines the ViU'ious wavefoniis to get the desired 
responses, ^\lso, it shoidd be possible to have the response 
plotted tis voltage, reflection coefficient, or ohms. 
Etisy cahbration of the TL>R measurements. This includes 
establishing the reference planes and measurit>g the step 
heights so measurements can be made accurately. 

The HP 54754A differeiTtiiil TDR plug-in for the IIP 54750 
digital oscilloscope and the HP 83480 chgital comimmications 
anal^'zer (s^hich share the same mainfraiue) achieves these 



goals through the use of optimized acquisition hatxiware, a 
rich nrnmare feature set, mid fiexible TDH hardw^u-e. This 
TDK system significantly improves the sjieed and ease of 
making critjc;il measurements in toiiay's lugli-speed systems. 

Hardware Design 

'file sampU^rs and TDR step generators for the HP 54754 A 
plug-in are leverages! from tlie HP 54120 osciUosC'Ope system, 
^fhe samplers are a microwave design using slate- or-the-ai1 
GaAs Schol t ky barrier diodes in a beam-lead package 
mounted on a thin -film microcircuit. The rnicrocMrcuit is 
mounted in a machined cavity using ^nB-nini precision con- 
nectors. The step generators use a step-recovery diode to 
rhive an anti-series pair of Ga\s Sr^hottky diodes, which 
switch an iS-mA cunent into the 1 r'ansmission line leading to 
the samplers. Like the samplers, the microcircuit is also 
implemented witlt beam-lead comjjonents on thin film ui a 
machined cavity. This hardware produces a typical system 
rise t ime of 35 ps with a stej^ t o]^ that is fiat wi( hin ± 5% for 
I he fii'st nanosecond after the edge and within ± 1% after 
that. 

Tlie HP 54754A T!)R plug-in has two TDR step generators to 
allow faster tuid easier dilTerential TDK measurements. One 
possible hardware architecture would make the rising edges 
of both step generators coincident in time, as shown in 
Fig. la. Then, to switch from conuuon-mode stimulus 
( shown J to dilTerentiiil'niode stijiiulus, the polaiir>' of one of 
the step generators could he reveised. In practice, this sys- 
tem niay have drawbacks. TJ^picaQy, if the bias and setup of a 
s1ej>recoveiy chode TDR step generator tuT chmiged. it lakes 
time for the system to settle. This can take many seconds, 
which coidd he an issue for the measm*ement time. ;\lso. the 
step may settle at a new time posititm, which would me^m 
that different calibrations would be i equired for the positive 
and negative states of the step generator 

To avoid these potential problems, the HP 5^1754A TDR sys- 
tem uses a staggered step generator architectme. This archi- 
tecture pulses the first step generator while the second one 
is quiet, atid then pulses the second step generator while the 
firs! one is quiet, as shown in Fig. lb. I -sing tliis approach^ 
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Fig* It (a> One i^>ssi(jiiiiy fur a linal-slep-gt'iiemii/r TDK syj^lein is 
iL» liave th«* rising edgt's of the two TDR stt^p getieratot^ <'tJHK:i(lt»nt 
in liinev (bj The HP 547B4A plug-in i)ulm?s ttn* first Ktej> generator 
vvJiik' thp second Is qiiifl. and ttipn j^ulses the «y^cnti(l step generator 
while Ove 6rsl is quiet. 

aD information needed for either conimon-mode stimulus or 
thfferential-mode stinitdiis is i>resent ^\ithoii1 c [ranging the 
bias or setup of the TDR step generators. The hardware shii- 
ply selects wtiich edge of the rate ctock to sead to the oscillo- 
scope's trigger Each TDR ste]i generator is run at a constant 
rate, so once it has settled (after initial runi-on], it is stabJe, 

Anotlier requii'ement for a TDR systejn Ls that the trigger-to- 
TDR-step edge finiing have lc>w jitter and he stable. The rate 
< lock signal's rising edge is th<^ source for iJiis timing. This 
Signal it as two criticial paths. One is through buffer gates to 
thc^ ^jwiiloscope's miiin trigger and the other is through buffer 
gales and a delay line to the TDR siep generations. Tiie delay 
hrve is necpssaf>' lo get the stejr generators rising t^l^v on- 
screetL hi the HP 54754A system, IhtTc is the additional 
requirement that the system be able to seiect which TDR 
general or is Hyncbnjnoiis with the trigger Tins liardware is 
shown ill Pig. 2. Tlie hardwjui' is sel up so thai the gales in 
each signal paih are nhtiimiKt*d and signals are its fast and as 
clean as possible to mininiize jitter /Uso, to minimize the 
timing drift between the two stej) generattrrs. the path to the 
step getieniiors goes throngli a dual EV], tlip-noj). Iliis l>e!ter 
matches ihenual and bias cojiditioiis for tlicse paths. Trigger- 
to-TDR"Step jitter for this system is - 1.4 i)s nns, 

In most TDR measnrentents it Ls desired to define a reference* 
t>lane at tht* injjni Jo the syslem under test so that measnn^- 
tnetiis tan be made relative to that point, hi differential *ri>R 
ttieasiirpments. if is imponant to have the edges from the 
two step generators arrive at the referet^re fjlarie sinniita- 
neously. To aceomplish this, the stet>-recovery diocie bias in 
each step generator (l)ias determitH\s the stored f liju*ge on 
tb ( * s I e p- ret o ve ry d i ( >d e an< 1 1 1 le re f o re de t t*rm in es w 1 w ri i t 
will fire) is controlled by a DAC to pro<iuce y ± IfHJ-ps range 
over whicli thc^ TDR step cati be tnoveti onscreen. This ailows 
connection to the system under test with cables titat mv as 
much as 800 (>s ilifffMvryl hi eieetrircil length. The reflected 
or transmiited signals fn^m the retereiH'e plane can be liiu*<i 
up fjttscreeit using the skew adjii.stment jirovided for each 
sampling c hantiel. Having the ability t<i aiUtisi liotli the TfJR 
position and the cliannel skew aUows ^nicker and easier 
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Fig. 2- Hardware diagram of the UP 54T54A differential TDR plug-in. 

caiibration for differential TDR even if the C'onnectiDn cables 
are not perfectly matched in electrical length. 

When the HP 54754 A plug-in is not being tjsed fVirTDR, the 
twochamiels e;ui be used as norm:il higlelmndwidth smn- 
jrling rluaittels. To jH'oviile Ibe tioiiiml external trigger jjath 
neetled lor non-TDH u.*^es, die trigger i}atli tjucjugh die plug-in 
to the main trigger In tlie mainfratne must be pn^seived. Tliis 
means that it Ji\ust be t>ossible lo ttirn i^ff Iht* trigger iixjected 
intt> the trigger parh lor TiJR with(in( alTeciing the normal 
external trigger One way to achieve this woiiki be to use a 
meehanical microwave switch, but this would add sigtiifi- 
i^;uit cost, take nj) valttal)le space, be an additional reliability 
roneeni, and add weighb A jjreferable .s^dution is to use a 
p-i-n diode to switch itt the trigger signid when TDR is on 
(see Fig. 2). Wien the p-i-n diode is tbrwmd-blased, it lias 
It w impedancre and rlrives the trigger path throngli a coupling 
caj)acilfjr Wbtni the pin rlirjde is reverse-biased* it has very 
bif^li initK'dance an<l low ca])acitatu'o. This aUows the exter- 
nal trigger signal tu flow though the trigger path with only a 
minor discontinuity at the TDR trigger injection point. This 
it\jection poitit is ituplemented t>n the ptinted circiiit bomd 
tisiitg SMA t>oard < inmccton^, a smface tnuuni caj>ac ilor. 
and a pin diode. 

The rest of ihe hardware in ibe HI' 54754A diffen^ntial Tf)R 
plug-in is similar to the other phig-ins for itie HP 5475tJ and 
HP 8;M8{) systems (see article, page 22). This inchidi^ the 
low -J loise front -end mupljfiers, t eniperal ure-cf nt 1 1 lei isa i ^'tl 
sam[de strobe generabon cucuils, and tei dlhrnngli coni- 
liensatit^n circutts. The low-iioiseiuiiphfiets are optimized lo 
achieve a vei^y low noise floor of ~2ti0 ^V nns at 12.4 (illz 
fuid -tiOO ttV nus at 18 (JHx, The I emperatu re-compensated 
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saniple strobe generation circuits allow good vertiraJ accu- 
racy stability (0.(>% for 12.4 GHz aiid 1.2% for IB GHz over 
±2^C) without using feedback sampling. 

Firmware Oe^jign 

The goal of tlie HP 54754A fimiware was to take full advan- 
tage of the power of the liai(!waje and provide an easy-to- 
use interface to it Many of tjie features of the HP 54754A 
were leveraged from tlie HP 54120 oscilloscope. '* Tliis 
product offered single-ended TDR with uonnallzatiou capa- 
bilities and the ability to read out ohms and distance using 
cui'sors. The MP 5475^1A expands upon this foundation, 
providing full differential characterization in addition to 
single-ended measurements. 

Singte-Ended Control. To chai^acterize a single-ended TDR 
signiil, Ihe instrument must be capable of reading out any 
point along the trace in distance and impedance or reflection 
coefficient It also must pro\ide filtering, tyjiically in the 
form of noiTEialization, which limits the l>andwidtli ttuough 
tiiG system so that edges traveling at different .speeds (*an he 
characterized. Finally, the instri;menl must be llexible and 
easy to use. 

For the instrument to convert voltage into impedance, a 
calibration musf he performed to determine the signal am- 
plitude and ons<^l at 5(1 ohms and with a short circuit. The 
samj)Iers used in tlie HP 54754 A module are subjecl I o drift 
with changes in temperature. If the temperature luus tlrifted 
more than ± 2^C, a calibration should be peif orn>ed before 
any critical measurements. Detennining these offsets allows 
any signal voltaj^e to be converted into impedance or reflec- 
tion coefficient. Reflection coefficient is a nonnalized per- 
centile such til at iOiJHa represents an open circuity — 100% 
represents a short, circuit, and W> represents 50 ohms. 
Reflection coefficient p is determined by: 

P = (Vi„ - Vr^)/Vanip. 

w^here Vj,, is the voltage to be converted to p, V5() is the volt- 
age of the step wixh a 5tl-ohm termination, aiifl V^m, i.s the 
amplitude of the step into a short circuit 



Volt^e can also be trarislated into impedance using p: 

ohms " Zn X (1 + p) / (1 - p), 

where p is the reflection coefficient to be converted to ohms 
and Z„ is the nominal impedance of the system ^ 50 ohms. 

The HP 54754 provides a variety of ways to translate voltage 
into impedance or refiet lion coefficient. Waveform markers 
can l.)e placed on the volUij<e w^avefomi and set to read out 
in impedance or p. This aUows the signal to be viewed in 
voitage, which is most familiar for many users, but permits 
any point to be translated to the appropriate units. Addition- 
ally, the entire sij^naj can be displayed iUid controlled in 
impedance or p (Fig. 3). This obviates flie need to nm the 
mjU"ker dowTi the signal mapping every point from vults. 
Ulicn flic sigruii is displayed in impedance, tlie scale imd 
offset control^ change to ohm3 per division and ohms 
offset. 

To convert any point along the signal to distance, the refer- 
ence plane is tietermined by the caltbrarion. The reference 
pUme Is the [joint at wliicb the Tr)R pulse is launched into 
the device untier test. This allows any cabling up to the 
launch point to be eliminated from the distance measure- 
ment. The distance to any point after the reference plane is 
determined by; 



distimce (meters) - 



(ti. 



tr^t) 



w^here c is the speed of light in meters per second, ^i- is the 
effective dit^leclric constant of the transmission medium, tin 
is the time ttjf be converted to meters, imd tj-^f is the time at. 
which the TDK pulse is launchetl at, the reference pUme. 

Tlie constant 2 in die equation above accounts for the round- 
trip time of the pulse, since only the time from the refercnc*e 
plane to llic event is typically desiied. Tiie IIP 54 754 A iiUows 
the dist-^mce to be measured in meters or feet (Fig. 3), 

Topical ly In smgle -ended TDR the user may see a small im- 
pedance variation in the signal and wonder how to flatten 
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the signal. By integrating the reflection coefTicient around 
the ^ajiation, the HP 54754A can c ompute the excess induc- 
tance or capacitance * causing the impedance variation 
(Fig. 4j. This can lead to trinmiing tlie part or adding induc- 
tance or capacitance to correct the variation. The wavefonii 
markers are used to define a portion cjf the trace to integrate, 
lime t^] aruJ t[, iind the foUowing equation is used to compute 
excess L or C: 



'1 

=1 



T = pdi. 



If T > a 



L = 2ZoT 



4Z(i2n ' 



and ill < 0, 



C = 



Zo 4ZijZn 



where p is the reflection coefficient of the waveform. Zn is 
the itnpetiam e at lo. Z,^ is tlie nominal impedanct* of the sys- 
tem (50 ohms), L is the excess inductance between to and tp 
and C IS tJie excess capacitance between tfj and ti. 

Since the impedance of the first point is used as the refer- 
ence impedtince, these equations will work in environments 
tha! are not ooininally at 50 ohms. 

The rise tinie of the step generated by the pulse generators 
is fixed at 35 ]3s. Frec|iiently a more realistic stimulus for thc^ 
device under test is a slower step. Nonnalization allows Uie 
simulation of a slower-speed stej) through the device under 
test. If the full accuracy of nonnalizaiitHi is mA iveeded, a 
flrmwai'e digital filti^r can be use<l Tliis rligifai filter does not 
ref|utre ciilibiation and can lie ajiplied to any wavefonn. Tlie 
step speetl t-an be specified by thither rise time <^r 3-dB hand- 
wicitlu 



Tlie IIP 54120 oscilloscope ma^le measurements one wave- 
form at a time and stored the results in a special wavefonn 
memory. The goal of the HP 54750 was to allow nonnaliza- 
tion and other ad\anced measurements in real time, updating 
for every waveform acquisition, wiiliout perceptibly slowing 
down the instruntenl. The HP 54750/S:MSO mainfr^une takes 
advantage of its tlual-coniptiter desigti and can perfonn nor- 
rnalization on real-time data. Many excellent aiticles have 
been written describing the tiormahzation process, which 
will not be discussed in this article.- 

For customers who require a quality st^p faster than 35 ps, 
Picosecond Pidse Liiboralories makes a prod\ict capable of 
producing steps with 15-ps rise times in coiyunction with 
the HP 54752B 50-(}Hz plug-in- The HP 547.54A provides an 
external stimulus mode which allows easy control i>f this 
step generator. 

Differential ControL Since the HP 547&4A plug-in module con- 
tains two pulse generators that ai'e staggered in time, differ- 
ential atul connnon-iuode measurements can be* made. The 
firmware in the jiroduct controls the pidse generators by 
synf^hronizing first with one, then with the other fni' every 
acquisition so llmt one TDR is silent wliile the other is 
pulsing. Waveforms are acquired for both tlu^ at tive. jMilslng 
TDU and the nonactive, silent TDIt. Since the active TDR 
signal can cotiple into the nonactive TDK imd eause sm;ill 
vanatjons. both the active and nonactive waveforms aie 
actiuired for each puLse generator on each acquisition. 

If AA is the signal on Ime A caused by pulsing TDR A, AB is 
the signal on A caused by pulsing TDR B, BB Is the signal on 
B caused by pulsmg TUH B, and BA is the signal on B caiLsed 
by pulsing TDR A, tiien for common-mode stimulus, the sig- 
nal on line A, or signal A. is Aj\ + AB ajul signal B is BB + 
fJA. F(>rdifferenlial-mode stimulus, signal A is AA - ABand 
signal B is -(BB - BA). The negative sij^ii in the kist equa- 
tion invt»rts stimulus B lor dilTerential TDli to mrivc at a 
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more customaiy differential stijiiulus consisting of a posi- 
tive-going stej) for sthniihis A and a negative-going step for 
stiniuJiis B, 

Table I 

Derivation of Response Waveforms 

Volt Units f A and B in volts) 
Differentiaf Common-Mode 





Response 


Response 


Differsptfaf 






Stimulus 


A - B 


lA + B)/2 


Coinmon- 






Mode 


A - B 


(A + I3)/2 


Stimulus 







Ohm Units (A and B in ohms) 
Differential Common-Mode 
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Differential 






Stimulus 


A + B 


(A - B)/4 


Common- 
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(A + B)/4 


Stimulus 







P Units (A and 6 in p) 
Differential Commnn-Mode 





Response 


Response 


Differential 
Stimulus 


(A + B)/2 


CA - B)/2 


Common- 
Mode 
Stimulus 


(A - B)/2 


(A ^ B)/2 



111 additional to eontrolling the TDR stimuJiis tlirough the 
puLse generatoi-s. the firmware fonstniets all of 1 he TDR 
response waveforms. Differential and connnoti-mode 
responses are available for both differential ajid r otnnion- 
niocie siiniuhis. For voltage units, the differential response is 



the difference of the responses to the two stiniiihis signals, 
A and B, The common -mode response is the sum of the re- 
sponses to tlie stiniuhis A and stimulus B wavefomis divided 
by two. Table 1 lists ihe derivanons of the coitinion-rnocie 
and differential response vvavefoniis for units of voUs, oluns 
and p. 

All of tlie unit conversion capabUlties of the HP 54754A can 
be applied to differential atid comnion-Tuode stirnnJus ajul 
response wa\ eforins. The power of ( he HP r)4750/8-MS(l far 
sunuisses any olher product of its type. The nexibilijy wilh 
which units can be converted across all sthuiilus types 
coupled with the autonial ic corninilatjoii of comi)lex differ- 
ential and <"onimon-iiu>d('^ resportses [>r<>vides full-feainn*d 
charat unlzaiioii ot differential lines. The real-time nonnah 
izalioji aiid advanced features like excess L iind C coinpiua- 
lion make the instnimeot ideal for single-ended TDK as well 
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Frequency Response Measurement of 
Digital Communications Analyzer 
Plug-in Modules 

It has been extremely difficult to characterize the SONET/SDH standard 
receiver with tolerances of ± 0.3 dB, This paper describes a method for 
calibrating photo receiver frequency response with the low inherent 
uncertainty of the U.S. National Institute of Standards and Technology 
Nd:YAG heterodyne system and transferring this calibration to a 
production test system while maintaining a low uncertainty. 

by Rm Park and Paul D. Hale 



It is extremely tlifricull to test Uie SONET/SDH standaj tl re- 
ceiver accurately witli tolerances of ± 0;i dB ai> specified by 
ITU-T stxintiard G,957, CJh^er the years several lest metJiods 
Imve 1 leen de\eioped. but none has im accuracy good enougli 
to supptJrl I he (t-j-dB lolerauce. There are two rtvaiii rea^soiis 
for the liigli measureinerU uncenaiiities: hiaccurate knowl- 
edge of (Ire opiicii] siinmius and large imceilaiJKies in the 
microwave power measurement. 

To support the SONET/SUl! receiver test with an adequate 
accuracy, M'c ha%'e developed a method for calibrating 
phoioreceiver frequeruy Tes]:ionse wilh die low inherent 
uncertainty of the VS. National fnsiitim^ (jT Standards an<l 
Technology (NIST) Nd;YAG tieterodyiw sysleni anr! transfer- 
ring this calibration to a prochicllon t^st system while main- 
taining a low nncertiiiniy. Tfiis is atiileveci liy combining a 
photoreceiver v\'i(h a inicrow^ivc^ po^^er sensor and calihral- 
ing the response of the combined unit, eliininating RF cali- 
bration ajtd misrnatt h nncenainiit^sJ The calibration ex- 
panded imceHainty of the transfer standarrl is about f).Ofi dB 
with coverage factor of two (2o)/^' 

Tlie tlicory for measuring a communications auaJ^^zcr module 
nsijig the transfer standard is described below. Tlie prochic- 
tion nieasLuemcnts of the c-onununk'ation mial yzi^i" modules 
have given excetlent results witli ver>' good rei)eatiibilit5" and 
long-tei-m stability, 

NIST Nd^YAG Fieterodyne Measurement System 

NIST uses a Nd:YAG het^roidyTU^ s^^stem for meiistiring scalar 
frequency response because the excitation of the det.ecti>r 
can t)(^ calculated from llrst t)rinci|>ies. All system t^iiliijra- 
lions re(|uired are well-untierstMod and indi'pt^ndeiit of the 
frequency ie-Hi>oase measuiemetit, A schematic of the hetero- 
dyne system Is shown in Fig. 1. The ^stem uses two coiti- 
mt'rcially available singlejnode monontliic-nng Nd:YAG 
lascns <^|)*^ratiiig at iM9 \im. The freqiienry ol each laser 
can be lunetl theniuitly to give* beat Ireciuencies from several 
tens of kiloherty. to greater thiui 50 ( JHn. The l)eats have a 
short-tenn bandwidth of about A kJlz. The beat frequency is 

' See ffilfirance 2 far a complete discussion of exijanded uncartainty and GOvarBgis factor, 



measureti ^v\il^ a microwave counter As the frequency is 
scanned, data is at*quired autoniaticiilly. Tlie resolution of 
the system is iijnited t>y the scan rate, the frequency jitter, 
and the time constants of tiie data acquisitio!i equipment. At 
present, ihe highest resolution achievable is about 200 kHz 
using a swept-fiequency techtiique, although higher resolu- 
tion can be achieved using a phase-locked looii technique. 

The lasers are power stabilized so that nearly equal power 
from each laser is deUvered to tl\e DUT (device imder lest), 
llie combined laser beams pass through polarising isfjlators 
so that tite signal frotTi each laser is in the same polariication 
state when it rear lies the i)lT. Tlus ensures tieaily 11)0% 
niodulatioti depiti and elin^inates insiabilities resulting from 
feedback. The total optical power incidejtt on Hie photo- 
ret 'elver is: 



Prndt) = (Put + Pu2) + 2^F,,iP^cm(2im, (D 

wUi've Fni atul P,jo are the optieal powers delivererl Ut the 
t)lu>Eoreceiver trom the lasers ^uul f is the difference fre- 
qiiencj' between tfie two lasers. 

The photoeurrent generated by the photodiode is given by; 



,,(f.t) - (P„] + P.,2)RW + 2,Po3P,^H(f)cos(27d:t) 



(2) 



= hU + Iff. 



where R(f) is the resiJoiusKity of tlie detector (in A/W) at 
frequency I Tlie first tenn on the right sUW is tiie ilv ])l\oto- 
curreni, id^., which flows f Itrough the bias sutifdy, <ind the 
second tenn is the HF photoeunvnt, irf^ whic^h flows through 
the HFh>ad (the nuE'rowave power sensor) through a dr 
bhjckitig capacitor. Hie mecuj squ£tre<l phoUKnirrent getter- 
ated by the photodiode is: 



(i^tf)) = (Pot + Po2)^R^(0J + 2P.,iP,^R^(f) 



(3) 
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Fig. 1, NltsT Nd:YAG heterodyne aysLem. Labeled coniponeiils are the bearu £iplitter (BS). iiiirrur CM), iaoktor (I), lensCL), siiigle mode fiber 
(F), large-ama detector (D), and Integrating amplifier ( ( ). 



If Pfji is nearly equal to Po2* then 2P^iFo2 is. to the first 
order, equal to 0,5(Poi + Pq^)^' Th^ nomialized frequency 
response, n^'-(f), wliich is defined as RHt)/R^{(}), can then be 
found by taking tlie ratio of the RF power to the de electrical 
power deUvered to a load R^ = 50 Or 



2P. 



(ii)RL 0.5(4)Rl 



^(PulPo2)B^(f)RL 

0.5(Poi + Po2)'K-(0)Rl 
R2{f] 



(4) 



R2(0) 

= 3l"(f)- 

Prf is a fimction of frequency includes corrections for sensor 
ealibrdtion factor and mismatch, and is the power tiiat would 
be deli\ ered to an ideal load Rl^ In an ideal measurement 

(i^p) is constant but in any real measurement system if may 
var;^' because of changing optical power coupled to the photo- 
diode. Using the ratio of RF to dc power reduces errors 
(to tlxe first order) resulting from diiftuig optical power and 
ehmmates the necessit^^ of monitoring the powers separately 
The nomialized frequency response can be quoted in decibels 
as 201og[Ji:.(f)]. Tlie electrical bandwidth of the de\1ce is the 
frequency at wliich 20Iog[Jl(f)] has fallen by 3 dB from the 
low-frequency level. 



Arbitrar>^ Modulation Depth 

Signals that do not have 100% modulation depth are com- 
monly used in optoelectronic test equipment. An arbitrary 
modi-Uation depth can be syntiiesizcd by varying one or both 
of the laser powers in the heterod^me system tmd can be 
modeled using the formalism presented above. Tlie resulting 
equations are applicable to any source with an arbitrary 
modulation depth, svich as a laser with direct or external 
modulation. A notationally simple way to change the model 
is to let Po [ = ctP, ^ and Pn2 = ( 1 - a)Po- Then the total opti- 
cal signal mcident on the photodiode is: 



PioialW - Po + 2P,,va(l ~ a}cos(2rftJ. 

The average optical power is Po and the absolute modula- 
tion depth is 4PLi[a(l - a)]^'^-, or in fractional units: 



Mo = 



-P. 



2Po 



= 2,0(1 -a) 



The mean squared cuiTents in the photodiode are: 

(4) = pIrHo) 

and 

so the ratio of the powers is: 
ZPrt 



,4)kl 



= M2gt2(f). 



C5) 

I- 

m 
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Hence, the modulation depth of aii arbitraiy sottrc^ can be 
measured with a detector of known normalized response, 

Swept'Frequency Ratio Measurements Usijig the 
TVansfer Staiidard 

The fundamental problem in making phoiodetector frequency 
response measurements is geiting afcurat.e knowledge of 
the modulation depth of the source. The modulation depth 
of the heterodyne beat signal is known from fundamental 
principles, but the nToduIation depth of a directiy modulated 
laser diode or Mach-Zehnder modulator is not so simple. 
Aecurate knowledge of the modulation depth of these 
sources can be obtained using a ratio technique to comi>are 
the response of a DtT to the transfer: standard. The ratio 
measurement system, shown m its simplified fomt in Fig- 2, 
consists of a modulated li^t source with imkno^iiri modula- 
tion depth and a l'by-2 fiber coupler. 

The light soiirre consist.s of a directiy modulated laser and a 
CW laser mo^iulated by an external Mach-Zeimder modulator 
The RF signal is fed into the directiy modulated laser from 
200 kHx, to 5 GHz, and at 5 GHz it is switched into the Macl> 
Zfhntler modulator, wliich covers from 5 GIIz to 2(J GHz. To 
cover the frequency band from 200 kllz to 20 GHz, two RF 
sources are used. Tl\e outputs from the directly ntodulated 
laser and the Mach-Zehnder modulator are selected by an 
C^tical switch^ w^hich is coimected to the l-by-2 fiber coupier. 

Tlie coupling ratio of the coupler does not need to be speci- 
fieci. The signal from ibie coupler is delivered to a DUT and 
to a reference photodiorle attached to an RF power sensor. 
The modulation deptli of the somce can be calculated using 
equation 9 and tiie known frequency response of the transfer 
standaid photodiode. The frequency response of the Dl^T is 
found as: 



^ItTCO 



1 Prf.DtT 



^^^0.5 



(ii.Dtr'r)^!. 



flO) 



Cak'ulaiion of the Dl ^T fiequency response diis w^ay inc*ludes 
tlie cahbralion uncertainty of the power sensoi's both at 
NIST fUtd al Ihe ccjuunerciaJ laboratory, gi\iJig a total ex- 
pinided uiicertahvty of ± 0.2 dB or more. Gombincd witli 
other factory uncertaintieSi this may give an imacceptable 
tin certainty for the intended test system. 

One possible £iltemative is to calibrate the response of ihe 
photodiode combined with the KF power sensor This method 
totally elimmates miccrtainties resulting from power sensor 
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Fig, 2. Apparatus for measuring the modulatiot^ depth ofm\ 
unknown source to I'^Hllbrcilf iln-- HUT. 



calibration and impedance mbmatch. The combined fre- 
quency response r-{f) measured on the XIST heterodjue 
measurement sj^sieni includes the power sensor calibration 
factor and impedance mismatch, and is gi\ en by: 



,2.n = »M 



R^{f) = 



Pm 



(U) 



0.5(i|,;RL 



In equation 11, Pm is the indication of the power nteter after 
zeroing and calibration against the 50-MHi!i reference signal 
(from the power meter) using a calibration factor of 100%l 
C is given by: 



c = All - r™.r 



pri^ saciisori 



C12) 



where k is the seitsor calibration factor and Tpd and Fscnsor 
are complex reflection coefficients. However, C need not be 
known and die power meter reading need not be corrected 
wiih a freriiieiicy dependent calibration factor When the 
standaid photo diode/power sensor combination is used in 
the ratio test system the combined frequency response is 
used to tind the modulation depth of the sources 



Mi^ 



1 



Pm ref 



R^(f) 



5(ii_REF/^L 



(13) 



The nonnalized response of the DIT is then found using 
equation 13, the dc photocurrent, and the RF power 
(including ail calibration factors! ft'oni the DIT: 



akTm 



1 



d' DIT 



^'0.5(1^0^1)^1 



(14) 



In some test applicatioits it may be preferable to me^isure 
the DTTT frequency response hi terms of the coupling ratio 
instead of the bias ctirrent or average power Tliis may be 
the case when the Dt T has iKxir dc stability or when the 
frequency response will be noj nialized tf) the response at a 
siiecific frequency (eliniiiiating the coupling ratioj. Li tliis 
case equations 13 and 14 can be combined to give: 



■^.f)i-y(f) 



Prf_DlTT,,2 



Pm_HEF 



H^(OP^ 



(IS) 



where |^ is the ratio of the optical power coupled to the 
reference arm to the power coupled to the test ann. 

Results 

When the frequency response of a rommLmication aitalyzer 

Jtiodule is measured, several uncertainties can corrupt the 

measured data: 

RlNf relative intensity noise) of the lasers 

Waveleiiglh sensiti\1ty of the photodiode receiver 

Harti^onic distoitions gencmted by the RFsouices, the 

directly modulated laser, and tlie Mach-Zehnder modulator 

■Jitter of the RF sources mid the communication anaiyzex 

iiuiinframe 

Flitite display resolution of the commmncation analyzet. 
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The effect of RIN was negligible, ^4th the detected RF signal 
about 30 dB abcn^e the noise level m the SONET test fre- 
quency range. To eliminate the wavelength sensitivity of the 
phohjdiode receivere, the wavelength of the lasers used was 
chosen to be 1.312 ^m. To ehniinate the haniionic distortion 
caused by the RF sources^ the laser, and the Mach-Zeimder 
modulator, the aiiiphtude of the RF signal was limited such 
that the second haniionic was kept below — 30 dBc (30 dB 
below tlie carrier). The remaining source?^ of uncenamties 
were mainly the jitter and the finite display resolution of the 
communications analyzer. 

To verify that a calibration can he transferred with accept- 
able accmacy, two swept-frequency ratio measnren>ent sys- 
tems based on Fig. 2 were built usuig two transfer stand aids. 
In the flret verification, the frequency response of a transfer 
standarci first calibrated by the Nd:YAG heterodjiie system 
was measured by a sw^ept-fieqiiency ratio measurement sys- 
tem referenced to the second transfer standaid. Tlie differ- 
ence, shown in Fig, 3, is excellent, especially considering 
that the t^^o systems are working on totally different physical 
prhieiples. The agreement was within ± 0,05 dB to 7 GH?. 
and within ±0.10 dB to 20 GHz. Since in this ease the DDT 
is not a communications analyzer module, the measurement 
is not aJTected by the jitter and the finite resolution of tl^e 
communications aiialyzen 

In the second verification, a communications analyzer plug-in 
module was measured on both swept-frequency systems. 
Eiach system used a different con"imuni cations analyser 
main frames which w^is triggered by the 10-MHz reference 
oscillator from tlie sjTitliesized signal generator. Tlie module's 
measured response was normalized so that the cun^es just 
fit inside the tolerance window^ speciiled by ITU-TS Gi)57 
(see Fig. 4). The curves agree well v\itliiii the G.957 specifi- 
cation. The response curves also agree w^ell w-ithin the ex- 
pected combined imceitainty of the two transfer standards 
below^ 2.5 GHz. 
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Fig. 3. Measurement of a transfer standarti consisting of a photo- 
diode, a 3-dB attenaaton and an RF power sensor against a second 
transfer standard of the same type compared with NIST calibration. 
Uncertainties of the transfer standards alone are also sho^m. 





2 3 

Frequency I GH2) 

Fig, 4, MeasurenieriL of a digital commuiucations analyzer plug-in 
module with anSTM-16/OC^8 fUter on two different ratio measure- 
ment systems J using the same two transfer standajds as in the 
exi:eriment show^i in Fi^. 8. each transfer standard consisting of a 
photodiode, a 3-dB attenuator, and an RF power sensor. Tolerances 
given in ITD-TS G.957 ai^e also shoivn. 

Above 2.5 GHz tlie difference slowly drifts upward, reaching 
0.2 dB above 4 GHz. The difference between the two curv^es 
also has larger scatter above 2.5 Gllz. Tliis discrepancy 
above 2,5 GHz is attribntcd to the jitter and the finite dis]3lay 
resokilion of the connnuni cations aiialyiier niainfraine. First, 
the comrininicatious analyzer was triggered directly from 
the s>ii!l)esizer's 10-MH/ reference oscillaton giving poor 
timing Jitter at high frequencies. The trigger jitter combined 
witli the signal averaging used to reduce the trace noise 
causes the measured amplitude to be smaller than the actual 
amplitude. The error caused by the jitter can be reduced by 
using an external tngger and can be eliminated by taking 
untriggered data. The finite display resolution (8 bits) caiLsed 
additional eiTor at lugh frequencies, where the signal ampli- 
tude is only l(i^o to 20^^) of the low-frequency amplitude. 
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Radially Staggered Bonding 
Technology 

This new approach to fme-pitch integrated circyit bonding entails a new 
configuration of bonding pads on the die, dual-loop wire bonding, and a 
new leadframe design that minimizes wire lengths. The approach 
bypasses the usual obstacles to fine-pitch bonding that arise with the 
conventional in-line approach, thus providing appreciable die size and cost 
reductions with a minimal assembly cost penalty. 

by Rajeiidra D, Pend§e, Rita N. Horner, and Fan Kee Loh 



Ad\*ances in sUicon density have made ii possible to reduce 
the core sizes of integrated circuit (IC) devices. However, 
conconiitani reduction of I/O pad pitch f tlie pitch is topically 
defined as the repeat distaiu^e betweeji adjacent I/O pads) 
has been hard to achieve because of packaging limitations. 
As a result, \C designs that are I/O intensive (so-called pml- 
limited designs) tend to have a die size that is significiintly 
greater than the core size, leatling to poor utilization of the 
silicon aiea. Appreciable savings in the form of greater num- 
bers of die per wafer can be realizetl merely by reducing the 
1/0 pad pitch iHicJ consetiuerUiy Uie die size. 

From the packaging standpoint, the reduction of 1/0 pad 
xAich requires improvements in the technologies irsed to 
physically interconncci the I/O pads to the package. Wtiile 
advanced packaging icclmiques do exist that pennil such 
interconnection, such as./7/;j rUip anrf tapp (UitomntPtl 
bondhuj (TAB), such lechniiiues sigiuncunily increase the 
cost and complexity of the jjaf kage. Wire lioiidin^ is by far 
the most prevalent interconnection lechiiiqtJe in the main- 
stream industiy^-standard packages that are used for hotising 
a large mi^jority of ASIC i:uui other IC devires. Quile under- 
sttindably, iherefore, there has been a consifk'rable push to 
extend wiw bonding lecbufilug^y' io finer pi U*hes. Some suc- 
cess in wire bonding pitch reduction lias been af:hieved by 
the use of the so-called duubte-liered i^ackage structure. 
However, once again, this api^roach mcreases cost and there- 
fore is unsuitable for rnainsiream plasric packages that are 
based on leadframes with a single tier of bonding fingers. 

Three broaci factors fire considered to lie ol^stacles for the 
reduction of wire bonding pitch, Flrsi, the capillaiy; or the 
tool that carries the wire^ physically occupies the space 
between adjacent wires, and therefore interferes witli the 
previously bonded wire if the bond pad pitch approaches 
the capillary wall diameter (Fig. 1). Tliere are physical limits 
to how much the capillar:^' wall thickness vvax Vjc reduced 
without risking frequent breakage durit\g[>roduf'ti(jn nins, 
and this in ttim places a limit on the pad pitch. Sec^ondly, 
reduction of pitch requires a proportionate reduction in the 
size of the l>ond pads and higher bond placement accin-acy 
for the wire bonding niachine> This factor leads to signifuant 
loss in yifkl ^uid rt*liability at finer pitches as a result rjf bonds 
that are not completely contained within tlie bond pad, often 



referred to as off-pad bonds. Third is the phenomenon of 
icm sweep in plastic packages. Plastic packages are typically 
fabricated by a process known as transfer molding. During 
the transfer molding process, liquid resin flowing mto tlie 
mold caviljes at elevated temperature (usually around ISC'C) 
causes the bonding wires to be '^swept" in the tlircction of 
resin How (Fig. 2). This phenomenon causes a<^jacent w-tres 
to encroach upon each otlier or even toucii. causing electrical 
shorts. When the pitch is reduced, two things happen: fust, 
since the die gets smaller, wires bect^nte proportionately 
longer, and second, the w^ire spacing is ret! need. Botii of 
these fiictt)i-s accentuate wire sweep, often making the pari 
imfe^isible to manufacture. 

In tliis paper, we present a new approach to reducing the 
effective wire bonding pitch that systematically surmomits 
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Bond Fingers of Leadframe 



Fig. 2. X-ray micragiapli tif a niulded package 'iliowing mrt? sweep. 
The curvature in the wire trajectories is induced by resin How during 
soldering. 

tlie obstacles describc?d above. Wp also present extensive 
assembly resuJt.s on a test cMp in a 20iS~pin PQFF^ package 
demonstrating the \iability of this approach. 

Concept of Radial Staggering 

Staggering of bonding pads is a simple way to mitigate the 
problems of capilhiry inteiference and off -pad bond place- 
ment. A staggered configiuation consists of a set of oTfset 
bond pads arranged in two rows as opposed to one rt:)W 
(Fig- 3), Staggeraig increases the direct distance between 
imy two ac^acent bond pads, allowing more room for the 
capillary to land withont impinging on previously made 
bonds, It also allows the size of tlie bond pads to be signifi- 
cantly greater than the corresponding size for an inline con- 
figuration of the same effective pitch. 



Orthogonally Staggered Pads 



n n n 




Die Edge 



Fig. 4. Illustration of wire encroachment when orthogonally 
staggered pads are used with leadframe packages. 

A configuration known as orthogonal staggering (Fig. 3b) 
l\as been previously employed in conjunction with more 
soplusticated double-tiered package structmes. However^ as 
ciepicled in Fig. 4, orthogonal staggering does not w^ork with 
leadfrante packages because of die geometric effect of fan- 
out ^ which leads lo severe wire ejicroachment, or even over- 
lapping, hi the comer regions. Fanout is a consequence of 
tiie fact that the pitch of bond pads on the die is typically 
much finer ttian tJie pilch of bond fingers on the leadfr^mie. 

Radial staggering is a geometric variation of ortlrogonal stag- 
gering in which overlapping of wire txE^jectories does not 
occur despite a fan on I: patteni of wire trajectories character- 
istic of leadfranie packages.^ This is illustrated in Fig. 3c and 
in Fig 5. As seen in F'ig. 5, adjacent wire triyectories can be 
placed evenly by viitue of the radial staggering arrangement 
on the die. In the wire bonding sequence, the outer row of 
pads is bonded first, followed by the inner row of pads, to 



n □ n n n D n 



(a) 



n 



ih] 










(c) 



Fig. 3. niustratton of the concept of staggering Ca) Convenfional 
lidiive bond pads, (b) Ortiiogoiially staggered lK)nd pads. 
Cc) Radially staggered bond pads. 




Fig, 5. RadiaUj' sta^ered bond pad configuration for one qu^rteir 
of a die. 
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pre\"eni any mterference of the capillary with the loop portion 
of the wire tr3je€iof>^. 

Lajoat Method and Algorithms 

A radially staggered bond pad pattern can be designed s\'s- 
tematicaliy using either a grapMcal method or closedrfoim 
mathematical expressions incorporated in the layotit code, 
T^'pically, the layout is done for one eighth of the ctie, then 
FTiirrored about the y-axis to get the layout for one fourth of 
the die, followed by successi\'e rotations of 90. 180. mid 270 
degrees about the center. The resulting pad arrangement is 
unifonn and symmetric and can be used as a imiversal 
arrangement for standard pin counts. More customized 
arrangements are possible and can be readily developed 
based on the concepts illtistrated here. 

Graphical Method, Tfte grapliical niedTod is Castrated in Fig. 6. 
Tlie bond j>ads are firsi arranged at the desired effecti\ e pitch 
in a single row; tltis hIU be referred to as the hiiiial uillne 
ctrningement. Tlie elective pilch is usually selected so as to 
cause the pad ring to *'hug*' the IC core; see equation 8 below. 

Next, a line mnning parallel to the die edge and representing 
the second row of bonds is constructed. Then, everj^ other 
pad is sldfted along a radial line ematiating from a conver- 
gence point until it reaches the pomt of intersection of the 
radial line with the line representing the second row of bond 
pads. 

Tlie convergence point can in ptinciple be chosen to be any- 
where along the y-axis. In practice, the choice of the conver- 
gence pomt is governed by the resulting angle of approach 
of the bonding wire tr^jectoi^^ to the bonding finger and is a 
huiction of the leadfranie design (see below). 

As the convergence point is moved farther down the negative 
y-axis, the bond pad pattern apjjroaches the orthogonally 
staggered configuration. In facrt, the oi1hc»goiially staggered 
arrangement is a special case of radial staggering with the 
convergence point at negative infinity along the y-axis* 

The value of the offset distance between the two rows of 
pads is a trade-off between tlie need to mitigate capHlaty 
interference and the need 1o niinitnl^ce the consiLniption of 
silicon real estate. The offset should be minimized to save 
silicon real estate while niaintainitig suffuient clearance for 
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Fig* 6, (iraphical method for radial sfaggering. 



the capOlar^^. Iii>ical ^^alues for the parameters described 
above will he presented later in this paper. 

Analytit^! Method, An alternative to the graphical method for 
bond pad layout is to place the pads direcdy at Cartesian 
coordinaie locations calculated mathematically using the 
convergence point as the origin. The expressions for such 
placement for one eighth of the die are given below (see 
Fig^ 6). The analysis is di\isible into two categories: the first 
category^ is for odd values of N74 and the second is for even 
values of N/4, w^iiere N is the total pad cotmt for the chip. 

For odd values of N/4: 

x(n) = (n-l)p (la) 

y(n) =D (lb) 

for odd values of n = 1,3,..., (N/4 — 1)12, and 

x(n) = (n - l)(D/d - l)p (2a) 

yCn) = D - d (2b) 

for ev^n values of n = 2. 4, ..,, (N/4 + iy2. 

For even \^ues of N/4: 

x(n) = c/2 + (n-l)p (3a) 

y(n) = D (3b) 

for odd values of n = 1,3, N/Sor(N/8 - 1), and 

x(nj - [d2 + [n-l)pI(D/d- 1) (4a3 

ytn) = D - d (4b) 

for even values of n = 2* 4, ..,, N/8 or (N/8 — 1). 

In the above equations, n Is tiie bond pad number fstartmg 
from the center and increasing t.owai'ds tlie comer), p is the 
effective staggered pitch (repeat distance of the outer row 
of bond pads)i d is the offset distance between die rows of 
pads, D Is defined by D = d + II + (N/4 + 3)p/2, where H 
represents the pad height (to be described later), and c is 
the spacing between die tw^o center pads on two sides r)f the 
y-axis (tiie value of c Ls diosen to be equal lo the mininnini 
inline pitch capability of the technology). 

Once again, as descnbeci above for Uie graphical method, 
the layout for the entire file is obtained from the the layout 
for one eighth of the die by a combination of mirroring and 
rotation about the y-axis and the origui, respectively. 

More General Layout Schemes 

Tlie I ay mil methodology' described above consists of two 
steps: placement of pads in an initial inline arrangenient 
followed by ra<:liiU shiftmg of eveiy otiier pad towards the 
convergence point. The initial inline ai"rangenient was taken 
to be at a tmifomi effective pitch, p. This need not be the 
case in general 

1 1 is evident from Fig. 5 that with a mufomi initial inline 
arraii^cment, the si>acing betw^een at^jacent wires progres- 
sively decrefises towards the corner This geometric effect is 
particularly detrimental l:)ecause wu-e sw^eep is tyiiicrilly 
most pronounced in die coniere. This occurs because m 
t>^)k"al iniiisfer tnoltls, I he resui flow direction is pai"allel to 
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the diagonal] of tlie cliip and is tlierefore perpendiculai' to 
tlie comer wiies. 

An appealing choice of the initial mliiie mTaiigcment would 
be one in which the pads are placed at a progressively in- 
creasing spacing, in a manner tliat would offset the progres- 
siA^ely decreasing wire-to-wire spacing in moving from tJie 
center to tlie corner pads. Such a design would appreciably 
reduce wire sweep. A geometric |>rogression algoiithm has 
been developed for tlie initial inlitie arrangement. The code 
for layout of jjrogressive pads is complex because closed- 
form matliematical expressions are not available. This is 
covered in detail elsewhere,^ 

Angle of Approach 

We now briefly examine the criteria for the selection of tire 
convergence point alluded to ai)ove. Fig. 7 depicts wire ti-a- 
jectories for two distinct bond pad layouts representing t:\\-o 
extreme choices of convergence point. In both cases, the 
design of (he leadHiiine is held constant h^ Pig, 7a the con- 
vergence point is selected to be at the geometric center of 
tlie die and in Fi|?. TIk it is selected to be a huge distance 
away from the geometric centei^ oC the die along die nega- 
tive y-axis. The angle between the wire tr'tiiectory tmd the 
bonding finger is defined as the (ifffjle uJappmavU. 

A large value of the angle of approach is hkely to mduce 
electrical shorts between a bonding wire and an ac^jacent 
bonding linger, leading to lower assembly yields. It is there- 
fore custojuaiy to specify a maxiinuni allowable value fof 
tl re an gle o f ai>i >r oa r h , 1 f P s n i a u u f ac Hiring sp et; i ilea lio r i 
requires tViat the angle cjf ypproacti always be iowt^v tlian 
10 degrees. The approacfi angles are unacceptably high far 
at least one wire in Fig. 7li, but n.re well within the specifica- 
tion in Fig. 7a. 

In the more gcneraJ case, the approach angles are also a 
fiinction of the leatlfranie design. As an example, in Fig. 8, 
aleadlrarue design is slrown thai is dillererrt IVonr the or^e 
shown ill Fig. 7, but the choice of convergence point for 
Figs. Sa and 8b is identical to that in Figs. 7a and 7b. respec- 
tively; that is, tJie convergence point is at the center of tire 
die for Fig. 8a anrl at a targe distance along the negative 
y-axis for Fig. 8b. Howe\"erj in contrast to the case sho\\T:i m 
Fig. 7. for the case m Fig. 8 the approach angles are signiii- 
cantly lower for the choice of convergence pomt at a large 

^-— Bond FiitggrK of Leadf fame ^^ 
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Fig- 7. Effects on angle of approad:i of two difff r'ent boni:} pad lay- 
outs coiTe spending to two distinct choices of convergence point. 
The angle of approach is tlie tingle between ihe wte trajeetoiy and 
tlie bontiing finger, (a) Convergence point al the geometric tenter 
Of tlie die. (b) Convergence point fai^ from the geometric center 
:aJong tlie negative y-axis. 
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Fig. 8. "Die iianve die pad layout^s as in Fig. 7 but vtltii a differe^rtt 

]<:\:u1 frame design. 

distance along the negative y-axis than lor tlie choice of con- 
vergence point at the cerrter ol' the die. litis is a consequence 
of the difference in tlie Leadfnmre design between Figs. 7 
and 8, and rmderscores the role of leadfrarne design in con- 
junction with the bond pad layout on the die in detennirung 
the a]3p roach angle in tire general case. 

The designs of typical leadfranies used in real plastic pack- 
ages yre very close lo Hie case depicterl in Fig. 5, and there- 
fore, low angles of approach ai^e achievable by nsing the 
center of (he die as the convergence point. This choice was 
made for the design of a test cliip as discussed later. 

As a side note, it should be stated that in certain instances, 
the design of bondiirg fingers and the conesponding choice 
of a convergence pfiint for I he radial staggering of bond 
pads on the die can be irroditled or customized to minimize 
wnre length, imd thus wire inductance, when electrrcal per- 
formance is ciiticiil Such custom designs prove valuable in 
the (.ase of high -perform arice pacl<ages srrch as ball-grid 
arrays (BGAs). 

II can be shown that the theoretical minintuni wire length 
with a zero angle of approach can be achievetl by selecting 
the convergence point at a location along tite y-axis that 
causes the subteiKled angle for the corner pad to be the in- 
verse cosir^e of the latio of the etfective bond pad pitch on 
the die to the effective l)ond finger pitch on the package. 
The theoretical analysis of the gerieral case has beeii per- 
formed,^ but is beyond the scope of tins paper. The author 
has developeri an iterative custom layout algorithm for the 
coupled layout of radially staggered bond pads on the die 
and bond fingers on the package tliat nmiimizes wire lengtlis 
for EGA packages, winch topically i:)ro\dde fure -pitch bond 
fmger capability and require high electrical perfoiTnance." 

Implications for Pad Circuitry Layout 

The radially staggered bond pad configui'ation has one ini- 
poitant consequence with regard to ihe layout of I/O pad 
cii'cuiti::y^ a point tliai is not initially ob\'ions. The bond pad is 
typically art integral part of a unit structure know^l variously 
as the pad cpU, the pad huffp^K or the I/O ])fuL We vrill refer 
to it as the pad cell. As illustrated schematically in Fig. 9, the 
pad cell consists of the I/O circriitiy (sirch as pad drivers), 
the bond pad, arid the ESD protection circuitry', hi fire con- 
ventional uiline bond pad design, the pad cell is Cidled from 
a library and placed automatically along the die peruneter at 
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Fig. 9* Structure of an l^'O pad cell. 

a repeat distaiicc equal to the bond pad pitch. For an orthog- 
onally staggered design, this procedure is inininially riiofii- 
fied to include im x ory ctffsel for ^vvry otlier pad cell, die 
value of the offset being CQual to the spacing between the 
two rows of bond pads of the staggered ct^nfiguration. How- 
ever, If die bond pads have to be in a radially staggered con- 
figuration* eac;"l> boud pad will not line up with the remaining 
porrion of its associated pad cell (Fig. 10). This means that 
the contentions pad cell placement melhodoloj^v hiis to be 
modified. It also means that an additional routing trace has 
to be added to comiect the bond pad with its associated pad 
cell. Tiiese features aie the subject of the paper on page 51. 



Limitations 

One li nil talk jn of the radially staggered design is that two 
rows of bond pads are required. The second row of pads uses 
up space and accrues a penairv" in silicon area utHizatioit. 
It is clear that in designs that are marginally pad-liniiied* a 
staggered design may not result in a net reduction of die 
size. In the foUo^Ting analysis, the important case of a mar- 
ginally pad-hnMted design is quantiRed. and a conditional 
expression is derived that can be used to determine whether 
a die size reduction can b** achieved by resorting to the 
radially staggered layout. 

F^g. 11 is a schematic illustration of a pad-liniited IC design. 
In this figure, the region defmed as white space is unused 
silicon area resulting from the fact that the inner perimeter 
of the I/O pad ring fails outside the outer boimdaiy of the 
core. This condition occui^ becatise the repeat distance for 
the pad ceils (i.e., the pad pitch) is not small enou^ to pull 
in the I/O pad ring so that it hugs the core. It can be shovni 
thai the size of the white space is independent of the pad 
height and is exi^ressible as^ 



2W - Pi (N/4) - C 



C5) 



where W is the size of the white space, Pj is the lowest quali- 
fied pitch (repeat distance of pads) for iuline bondingt N is 
tlie pm count, and C is the size of the core- 

A pad-limited desigji is defined as a design that has a non- 
negative white space, that is, W > 0, or, using equation B^ 



Pj(N/4) > C, 



m 



UTiile the effective repeat distance can he re<1uced using the 
radially staggered layout, additiotial space is required to 
ac^conimodate the second row of i>ads, as well as to acconi- 
modaie a possible increase hi pad height necessitated by the 
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Fig. 10* Illustration of bond pad 
stiiff caused by siaggering. As a 
result of radial staggering, the 
bond pads do not liiif^ up v^ith the 
[■iSHCKiatfHd I/f ) prifj tifrlLs. 
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Fig. 11. The presence of white space identifies a pad-liniited 
IC design. 

narroi^iiig of the pari cell. This additional space is equal to 
the suni of the row-to-row spacmg, d, aiid the increase m 
pad height, AH, and can be pictured as a broadening of the 
pad ring. The size of the white space should be greater than 
the broadening of the pad ring or the iiiiier perimeLer of tJ\e 
broadened pad ring will interfere with the core. TTiis condi- 
tion can be expressed as follows: 



2d + 2AH > PiCN/4) - C. 



m 



If equation 7 holds for a given IC design, the design is deemed 
margin aOy pad-limited and a radially staggered an'aiigemeni 
will not result in a die size reduction. However, if equation 7 
does not hold, then the rachaUy staggered layout will reduce 
the die size and the layout methodology described above 
can be used to perform the layout, hi perfornung the radially 
staggered tayoutt the effective pitch for the initial inline 
aiTangement should be selected so that the pad ring hugs 
tlie core. This eondirion can be derived from equation 6 by 
replacing the inequaht^^ vvith an equaUty: 



Peffective = C(4/N). 



m 



If the design is severely pad-limited, the value of effective 
pitch calculated from equation 8 may turn out to be smaller 
than the smallest effective pit^h supported even by the ra- 
dially staggered bonding capability In this case, t,he smallest 
supported pitch should be used as the effective pitch, 

A further point should be made regarding the imphcations of 
the radially staggered design for higher pin counts. In general, 
the relative value of the penal tj' in silicon area associated 
with the second row of pads is diniinLshed at higher pin 
coimts because of the increase in the nominal value of tiie 
(he size. This phi coimt effect is contained in the parameter 
N in equations 6, 7, and 8. On the other hand, the relative 
area penalty' is much greater at lower pin counts. This effect 
is fortuitous, since an increasmg nimiber of ASIC designs in 
the pin count range well above 208 are pad-hmited. The 
higlier-pin-eount designs have a significantly higher average 
selling price and thus pro\dde the greatest potential for cost 
reduction. Such designs are currently packaged in expensive 



double-tiered ceramic packages. In addition to the cost re- 
duction resulting from the reduced die s\ze, radial staggering 
technology provides the interesting additional potential for 
reducing the cost of the package itself by making it possible 
to design the iCs into cheaper packages based on a single 
layer of dense routing as opposed to niultitiered structmes. 
This can be achieved by the iterative coupled design proce- 
dtu'e alluded to briefly in the foregoing section*'^ 

Reduction of Wire Sweep 

Willi e radial staggering heljDs reduce the effective I/O pad 
pitch and therefore the die size, the length of wires in- 
creases propoitionately, thus accentuating the wire sweep 
phenomenon. Table I illustrates topical wire lengths that 
result from reduction of die pad pitch. As a reference point, 
todays state of the art for transfer molding teclmology per- 
mits ;\dres no longer than 4.5 mm (0,177 inch) to ensure 6o 
manufacturing qualitj^ levels. 





Table 1 






Wire Lengths for Different Die Pad Pitches 




and Leadframe 


Designs 


Effective 


Longest Wire with 


Longest Wire with New 


Dre Pad 


Conventional Lead- 


Leadframe Design 


Pitch |mm 


1 frame (mm (inch)) 


(mmfinchi) 


O.IIO 


4.3(0170) 


3,8 (0,150) 


0.090 


5.1(0.200) 


4.4 (0.173) 


0.070 


5.5(0.216) 


49(0.193) 


0.050 


6,0 (0.236) 


5,5 (0/216) 



The dual-hoping scheme (Fig. 12) was developed to mitigate 
wire sweep. In this scheme, wire tr^ectories are placed in 
two different planes rather than in the same plane, thus 




Fig. 12. All SEM micrograph illustiattng the dual-loop wire bonding 

scheme. 
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creating a vertical gap in addition to the x-y separ^on he- 

tween any two coitsecutive bond wires. Since wire displace- 
ments resulting from sweep i>i>ically occur \iiLhiii the same 
plane, the required displacetneti! of a wire to cans** shorting 
witli an adjacent wire is efifecdvely doubled compared to the 
case without dual looping, thereby considerably reducing 
the propensit>^ for electrical shorts or leakage. 

Tlie separation distance between die two planes in Fig. 12 is 
nominaIl\ 0.125 mm (0.005 inch). Sudi a design is made pos- 
sible by \irtue of tlie loop height control features provided 
by state-of-the-art wire bonders. Loop heights are comrol- 
lable to within ± 0.025 mm (0.001 indi) of the nominal value. 
Typicalh^ the lo<jp height for the outer row of bond patis is 
liiusen to be loiter, and the outer row- of pads is bonded 
first, follo%ved by the imier row, !o ensure that there is no 
ituerference between the capiJlar\' ajtd tlie loop portion of 
the previously banded wire. Since the loop heights and 
bonding secjuence are programniable, the entire bonding 
(jl)eratiot^ c*ati tie perfonned in autotnatlc^ niCKle without 
romproniising the prt»"e.ss throughput. The nominal kiop 
heights used in this work were 0400 mni (0.016 inch) for the 
inner i ow of pads ajid 0.275 mm (0.011 inch) for the outer 
row of |)afls. 

New Leadframe Design 

As is evident from Tai>le L a reduction of effective pitch to 
(1000 Muu woultl lead to a longest wire of approximately 
5,1 mm (0.2(J0 inch) if a leadframe with conventional design 
were usetl We have developed a i\ew leadframe design that 
has reduced tiie longest wire to 4.4 mni (0.173 inch), which 
was cniciaJ in reducing wire sweep. 

C^onx^entional lea*lfranu\s are designed using stajidajxl CAD 
tools that have Ituili-in alg(Ji1iluns for bond finger layout. By 
Sludging the existing CAIJ tools, we learned thai such tools 
Hkeiy employ a minirnizaUon of approach tuigles algoiithm 
in conjiniction with tecfmolog^v liniit t>aran>eiei^ (such as 
mininunn liond fmger widN; and space ) fo perform the lay- 
out of bonding ftngers lor I he leadframe. The lechnolog^y 
lijnit parameters ^u'e derived from the design ntles sui?i)lied 
by the leadfrantt^ nianufaeturers- For example, tytiical de- 
sign rules for leadfnunes produced Ijy etrhirig uu lnu>logy 
are 0.1 mm widlh and (11 mm spa*'e, mid for leadframes 
made using simnpii^g teclniology\ they me 0.125 mm width 
and 0. 125 nun space. 

We obser\ ed that, from a matltematical standpoint, the mini- 
mizarion of wire lengths and tlie minimization of approach 
angles (in cojtj unction with the mininumi w idtii tuid space 
( onstrainis) can be mutually conflicting conditions. This 
point is illustrated in Pig. ItL In Fig. l*3a, the angles of ap- 
[jToach have been minimized (they are zero degrees for all of 
tlie honfl wires), whereas in Pig. 13b, the wire lenglhs have 
been minimized, but the afiproach angles aie nonzero, and 
are as high as rli) degrees thr some wires. While the design 
in Fig. l;ib has appreciai>ly shorter wires, it is unfe^isibie to 
rnanutacture because it violates the specification for the 
maximum angle of approach of 10 degrees. 

After pm^uing a tlieor*^tical analysis, we arrived at a stjaiglit- 
forward (p(^riuips excrucnaimgly simple!) graphical method 
for the layout, of bond fingeins that would minimize the 
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Fig. 13, Role orieaclfmttie design in Single yf aiiprnat ii and wire 
linglli reduf titan, [a] The aiigli^s rjf apj^raaf-ti jiave [leen Rimimized. 
(h) Tlie wire lengths ha\"e been mirumized. In both cases, the lead- 
frame lieisii^n rules (iitininiuni \\if\\h and spacing of leads) ai\» ttit* 

li^ngt.h of bond wires. The basis for tills int^thod is the theo- 
retical fondition that the bond fingers can be brought in 
<lose!St to tlif center when tlie rnininnnn widths atid sjiaces 
reach llie flesign rule limit^aluessinnilUuieonHly al the lips 
of all tjund fingers. Il c^ui beslicjwn thai Ihijs cundiilon is 
attained by laying out the bond fingers so thai they subtend 
equal angles witti respect to a convergence point.- 'Htis latter 
fart fornied the basis for a simple {graphical niethtitl for per- 
fonning die bond finger laycnit. Based on this simt>l<^ *^g«>- 
ritlun, a leadfrtinie layout was peifonue<i for a 2(IB-pin device 
and a bonding diagram was generated for a presumed fiie 
with radially staggertnl bontl pads at OJJMU-rum effective 
pitch [e.g„ see Fig. 6;. The apprc^aeh angles were calc^ulated 
for this case, and the maxinunn value was found to be seven 
degrees, well below the maniifaetmingspeeifiration of 
10 degrees. More miporianL I he jnngcsi wire coLiki be 
reduced to 1,4 mm (tJ.17^3 inchx ()nii)*u'ed to approximately 
5.1 mm [0.20U inch) for a convt^ntiunal leadfiame. 

VV^hile the meihodolog>' has been illustrated for leadframes, 
it is more generally ai>plicable to the design of other pack* 
age substrates, ruitably high-perform anet* balUgrid arrays. 
Tlie teclmoiogy limit design tides for these substrates are 
more aggressive (e.g., 0.05 nun widtli and (.).05 mm space), 



tJecember UJ9B Ilewl^^tt-Pacicajtl Jounial 47 



)Copr. 1949-1998 Hewlett-Packard Co. 



bur significantly shorter wires are requii^d to minimize para- 
siii€ inductance. In the abcjve analysis, the niiiiiniization of 
wire iength algoiithm was used in place of the minimization 
of angle of approach algorithm, and the resulting; angles of 
approach (xerified aftenvards ) foituitonsly fell within the 
10-degree limit. This fortuitous condition does not alw^ays 
occiu; especially in the regime of \'er>' shoi1 wiic* lengths and 
double-tiered package stmctures. Therefore, a .systematic 
iterative procedm^e is required that judiciously employs both 
algorithms and in\ oKts a coupled design of the radially 
staggered layout on tiie die and tlie bond finger layout on 
the package.^ 

Assembly EvaJuations 

The three key elements of the fine-pitch bonding solution 
described above aie radially staggerefl bond pads, dual-loop 
bonding, and a new^ leaflfranu^ design. Extensive assembly 
and testuig were perfonned to estabhsh the feasihiUty of 
tliese eiements. A 208-pin plastic package was used as the 
test vehicle. 

A test chip with 208 jjafls (N = 208) and ha\ing a radially 
staggered |iad configuration was designed and fabricated. 
The physical struct me conformed to stanciard tlesign rules 
for the cuiTcnt generation of the CMOS process at lIPs 
Conallis facihty. The effective pitch, p, was 0,0889 mm. the 
offset distance between the inner and outer roM' of pads, d^ 
ivas 0.140 mm, ai^d the pad height. 11, was 0,G(iO mm. Since 
N/4 is even, equations 3 and 4 were applied witli a value of 
c = 0.110 mm, based on tlie lowest inline pitch capal)ility 
available at the lime. Using tlie parameters above, I he die 
size worked out to l>e (5,02 nun. Details of tlie chip layout 
can be fomid in I lie papei* on page 51, 

Daisy chains were mcori:>orated in the design to check for 
leaJmge current betw'cen acljacenf bond pads, Tliis feature 
was motivated by the need to test the susceptibility to wire 
sweep, whidi is knuwii to manifest itseh'as an eleetrieal 
leakage beiween a(|jacent bond wires (the leakage at eveiy^ 
bond wire can he nK>nitored exteiiially using The package 
pins). 

hi addition, a 208-pin leadfranie w^as tleslgned and fabricated 
by the etching n^ethod using the principle of minimization of 
wiT'e lengllb Ttie lead frame was fai>ricated hy an extenial 
leadframe supplier using standaid design rules and ]:iroduc- 
tion methods. 

Assembly and Test Results 

Tlie die was assemi>led in a 208-pin PQFP package at HP's 
production facility m Singapore. A tlual-loop bt.>nding pro- 
cess was developed and the dual looping was perfonned in 
automatic mode on |>roduction wire bonders. A sunple elec- 
trical test program w as used to i>erfbrm jjackage testing on 
a production tester to check for open bonds f continuity) 
and electrical leakage between ac^acent pins. In addition ^ 
transmission X-ray analysis was done on finished packages 
to check for physical evidence of wire s%veep. A final test 
yield exceeding 9 Won two indepeudeni assend)ly lots wiis 
set as the criterion for acceptability of the technology in the 
maimfactming eniironment. based on inputs by tiie produc- 
tion group. 

Results of the assembly evaluations aie summarized in 
Table II. A micrograph of the dual-loop wire bonds taken 



before the mokhng operation is shown in Fig. 14. A typical 
transmission X-ray image of the finished package is pre- 
sented m Fig, 15. Wtrile the results in Table n are considered 
to be w^ell v^ithin the acceptable range, failure analysis was 
perfonned on the electrical failures from lot f to detemnne 
il^ die failures were m any way related to the fine-pitch bond- 
ing design. Tiie details of tlie analysis are not repotted here; 
il suffices tf.» say fliat electricaJ failures were foimd to be 
imielated to the llne-pitcli bonding design and are }iresumed 
to be defects at the die level (these defects escaped, since 
no wafer-level testing wiis done on these lots), imiil>qng an 
effective l(Ky>o yield from the standpoint of fine-pitch bonding. 



Table II 
Assembiy Parameters and Yields 

Lot 1 Lot 2 



Number of Units 
Assembled 



297 



185 



0.(m (0.0013) 0.033 (0.0O13) 
4.5 (a 177) 45 (0.1 77 J 



Wire Diameter, 
mm finch) 

jMa^ximum Wire 
Length, mm (inch) 

Nominal Loop Height (K lt)6 (0.0 1(>)/ 0.406 (0.016)/ 
for Inner/Outer Rows. 0,279 (0.01 1) 0.279 (0.01 1) 

mm (inch) 

Final Test Yield, % 99.3 98.4 

h should be noted tliai the wire sweep pattern depicted in 
Fig, 11 is typical of ijrodiiction packages and sliows no evi- 
dence of wire encroaclnnent or overlapping. However, in 
\\v\v oi'the dud-loop structure, it could be argued lliat there 
will t)e no electrical leakage despite any overlapping of a4ja- 
teni wires, since the wires are in fact spaced in tlie z direc- 
tion. This raises die interesting possibility of potentially cir- 
cumventijig the effects of wire sweej) altogether, especially 



^m 




Fig. 14, 1^'pical dual-kxip mat tr^'tjctories hefart* molding. 
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Table 111 

Comparison of Wire Bonding Parameters 

for Radialfy Staggered and Inline Gonfigurstions 

fof 0.070 mm Effeclive Pttch 



Fig* 15. X-my niiatigrapb of a^ molded package (cunier region ). 

when the technology lias to be extended to much finer 
pitches. Therefore, we studied the effects of wHre o\'erlapping 
as seen in transmission X-ray obseiT. ations on clcctiical 
leakage between the overlapping wires. Fig. 1(5 is an X-ray 
niJcrograph of a package in which significant wire nio\'emenl 
has been induced, leading to overlapping of adjacent wires 
in tlie corner region. Electrical leakage measurements were 
made on ten *^ets of overlapping wires from lliree differenl 
packages. In all cases, no leakage was detected up to a limit 
of 10 megohms. It can be infcned from this preliminary eval- 
uation tliat the D.125 mni (0.005 inch) ofz separation in the 
dual-loop design is pcrhiiiis iuteiiuate to prevent leakage in 
overlapped wires. A imm- detiii led study Is reqviired to char- 
acterize this result fully. 

Extend ablHty to Finer Pitches 

Tlie migiation of radially staggered hnnding lerlinolo^y In 
finer pitches [ l)t*low the nomuia] UiJiitJ-mni effective piUii 
demonstrated in this study) is significantly easier with ra- 
dially staggered t>onding than with conventional iidine bond- 
ing. This pohit is illustrated in Table III for the case of 
0.070-nim effective pitch. 








Radially 




Inline 


Staggered 


Packo-Pad Distance, 


0.070 


0,0LI5 


mm 






Bond Pad Opening, 


OjOM 


0.075 


mm 






"^ire I>itmieterT 


0.025 (U.001) 


0.033 (0.0013) 


nun (inch) 






Free-Air Ball Size. 


0.050 


0.070 


nun 






fapillaiy Wall 


0.030 


0.045 


Thickness, nun 







Fig. 16. xmy micrograph tjf a molded package 'rtiUi delibemtely 

indurpfj wire movement ieading t,o thp appearance of overlapped 
vAms wlien viewed from above. 



It shoidd be noted that reduction of the bond pati (jpenuig to 
OJJOO mm iii^d liie t oncomitant reduction hi free-mr hjill size* 
lo 0.05{) nnn requued for the inline case tninslate to ball size 
control and bond placement acciuacy levels that are beyond 
the capabiliries of current w^ire bonding equipnient, wiiile 
ihe corresponchng values for I he radially staggered configu- 
ration are well witliin the range t>f etinlpment capabilities. 
Additionalli^; it can be shown using tlnire element modeling 
that the reduction of wire diameter from 0.033 mm to 
0.025 nun translates to mi approximately tW'Ofold incretise in 
wire sweep. Finally, the reduction incapiU^uy wall thickness 
will reduce the capillar' lif^^ hy approximately a factor of 
two. Thus i£ is clear that, in general, a finer effective pitch is 
achievable using ttie radially staggered configtiration with 
eonsideraijly relaxeti wire I bonding design ndes ( oniiiared 
to the corresponding uiline case. 

Despite these points, a few ini].)f>rtant limitations conic into 
filay when finer-pitch extensions are ctmsidered, even with 
t ire radially staggered bonding coi\ figuration. Fust, the re- 
duced die sizes i-estiltiiig from Inver effective pitches lead to 
[jropoHionately longer l>onding wires. This |>oint was ilhjs- 
I rated in Taf>te I As an example, tlie wire length oi''}J^ mm 
{{I2[i') inch) resulting from a presumed U.050-nnn effective 
jjitch design is considered unfeasible to manitfacture becaase 
of wire sw^eep, btised on current process specificalitms. It is 
possible that the dua3-h Hoping scheme may obviate this prob- 
lem , but this neerls t<i be evaluated, h is also [)ossibIe to 
reduce the bond finger pitch of tJie leadframe (and thus the 
wire length) by ushig inteiptssera,'^* but the cost and teclmi- 
cal feasibilit:^^ of lliis approacti is so far unproven. 

A second limitation is that the routing veciuiremenLs for uiLer- 
connection of the bond pat Is to the I/O t in uitjy^ and ESD 
structures ai-e propoitionately tighter at finer pitches and 
may imjjose some additional restrictions (see article, 
page 51). 

' A typical ihf finDsonlc gold wire bond comists ota ball bond at one find and a Hitch twnd sr 
the attvat md 'Ball stis" refers to the sizB of the ball ihai niakes up the ball bond, after ttte 
ball is attached id the chip, "free-air baH ss^e" rGfarB to Ihe size oi the ball as goon ^$ it is 
formed, bafore it is attached fa the chip 

* An Nit&fposer is a small circuit card that is placed featween the die and the leadframe. it 
contains a patterji of traces that fan out fra^n a. fine pitch at the die end id a coatse pitch at 
The feadf rarne end. 
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A third limitation, as illustrated in Table m, is an overall 
tightening of wire bonding design rules dictated by reduc- 
tions in pitch. In addition to the burden that this imposes on 
the rapahOit;^' of vviie bonding and molding equipment, it also 
necessitates tlie develop juenl of new metiology tools and 
bond quality slafuiarcls. Botul tjiialily stanfiaids can only be 
set by a careful study of riie impact of new win^ lionding 
design niles on reliabiUty, As m\ example, the smaller ball 
size, the finer wire dianteier, ajid the presence of off-pad 
bonds may impact reliability. New specificatioiis for these 
parameters can be set afil er the effect on reliability is well- 
understood. Tins signiiicaut effoit has been recently under- 
taken by SEMATECii, a consortiiun of seniicondiictor 
companies. 



IC devices. The approach has been qualified by extensive 
assembly e\ ahiations of a test de\ice in the production 
em iron n lent. The ai)proach is considered ad\'antageous 
over the conventional aijproacb because it is implemented 
v^dth significantly relaxed design njJes and tlierefore with 
minimal assertibly cost penalty, 
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Conclusions 

A tievv aiiproacf^ to the reduction of wire bonding pitch is 
presented that entails the tise of two rows of radially stag- 
gered bond pads on the die, as opposed to the conventional 
iiiiine anangement. We have comblneti the radial staggering 
methodologjy' with dual-loop bonding ;md a new lead frame 
design, forming aji integrated solution for reducing the eflrc- 
tive wire bonding pitch anti thus the die size of pyd-limited 
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Implementation of Pad Circuitry for 
Radially Staggered Bond Pad 
Arrangements 

One approach to pushing the limits of wire bonding pitch in IC packages is 
to use two rows of radially staggered bond pads. This paper discusses the 
design of pad circuitry to mesh v/\Xh the radially staggered bond pad 
arrangement. A test chip that incorporates suitable test structures was 
designed, fabricated, packaged and tested to verify the viability of the 
approach. 

by Rita N. Horner, Rajendra D. Pendse* and Fan Kee Loh 



A^ssenihly aiid packaging techiiologies are m^jor contributors 
to the success of iiitegiateti circuit maiiufactuilng. With in- 
creases in silicon density, chip core sizes are slirinking with 
the miniiiiLun transistor size. However, I/O pad circuitiy ;uid 
size ai-e not slmnkiiig relative to core size because of pack- 
aging lonitationa such as capillai;^' interference, kjng wires, 
wire sweep problems,? and comer crowding. There are a 
few workaroLuid techniques such as wedge-wedge bonding 
and double-tier bonding wliich are available for tbe more 
expensive packages like F(jAs. However, ihese techniijiies 
are unsuitable for standard jjlasi ic t^Hckages. Tliere is need 
for a betlen ninre reliable, mid more coHt-tvlTective solution 
to the Ijonding pad pitcli pr'obleui in tbe near firttire as tnore 
IC chips are becoiTiing pad-limitetl 

Tlieparl-to-pii<i repeat dLstiuice* tm a chi]>, refened \o as win^- 
l>i>u(i pitch, is olVeu tlu: factor tliat liitiiis both the anmuni l>y 
which Ihe ciiip size can be reduced and tlie iuci-ease of I/O 
density, thereby reducing the efficiency of silicr>n area 
ulilizatioir Current practice allows nunimuni straight-line 
pitches to be in the range of iOO to 125 niicrometers. bi the 
paper on page IL one approach for decreiLsing tbe V'v ire 
pitch in IC packages is discussed. Tliis iipproach entails tiie 
use of two radially staggered rows of jiads on the cliip 
periphery as opposed b» the more ( cinveuiif>ual single-row, 
inline aiTangeuient.^ ^ Tlie bond pads are turanged to ensure 
no overlapping of bondiitg wire t rt^jecUiries, even when voth 
veiitional leadframes are used for the package. The radially 
staggered aiTungenient of bond pads aliows imifonn [ilaee- 
ment of wire triyectoiies despite tbe geouietrir lun'Oui boni 
the die bonding pads to the ieadfnune bonding lingers. This 
approach is advantageous because il circtinivc*uts tlie com- 
mon obstacles to luieiHtch bonding, such as capillar> inter- 
ferenci!, boml placement accumcy, autl wire size n^hict ion. 
whi(*h have berebifore proved to be uisunuouutal>k\ 

Tliis paper suniinarizes tlie main features of tJie radially 
staggered appi^oacb and discusses iLs implications hir t>ad 
circuitry' design. Ttie implement;! I ion of radially staggered 

t Wi^e swiiHp [ircitiJems are created whtsii Jujui;! lesii! '4t forced into Wm plastit mold cavity. 
Wiies can be moved C loser togelher by the resm, numm pQSSiblti shfjtts. 



bond technology presents technical r hallenges in the area of 
pad design mid layout such as the pad placeineni sciieme, 
routing from bond pad to UO circuitry or to power and 
ground ilngs. and the influence of such rotiting on the func- 
rionality and perfoi'majiee of lite I/O cin uiliy and the ESD 
performance. 

A test chip that incorr)orates suitable test stnicfitres to 
addieas die technical obstacles was designed and fal>ricated 
in the HP CMOS 14TB process. The chips were packaged and 
tested to verify the \iabiliiy of the ;i])tiroach. Tlie verifica- 
tion exercise was performed for the case of 8B.!l-niicrometer 
effective pitch for a 2l)S-[riii PQFP, A patter study was also 
done for the extension to 70- mtd 5t)-micrometer effective 
pitches. The results of this study will be summai'ized here. 

Bond Pad Arrange men I 

In a mdiailly staggered bond pad arrangement, everj' other 
|jad is moved mwaid hi the nidial threctioit to fonn tbe 
second tier, as shrivvn hi Fig, 1. Tlie radius used is from the 
center of the die and is de[jendem on (he height of the MO 
circuitiy and the total nmnber of pins. The pads are placed 
in a single row using SB.O-micrometer pitch, and tfien every 
other pad Ls nuwed inward in the radial direction wilh re- 
spect to the center tjf the tlie to fonn Jhe inner row (jf [lads. 
In the case of a 2()8-pin die whli iu\ 1/0 height of :l58.ri mi- 
en j meters, the iimer-row bond patl piti'h is 84.25 micronie- 
ters. DepenfUng on the total nimiber of |>ad openings and the 
total I/O herghl, fhe inner-row bond pad pitch will vaiy by a 
small amount, hi the sample bond pad <'ojmection shovsTi in 
Fig. 2, the ESD circuit is placed on the opi>osite side of the 
bond pad from the I/O circuit r>'^ The jJiLssivatitm rj[)enhigs 
aie 90 micrtmieters wUle juul the metiil overlay for the bonil 
pad openutgs is -IB mi( romelers, The ESI) riicuitiy has an 
SS.O-niicrometer pitch and 72, >-mif rometer heiglit. The outer- 
row-to-iimer-row spacing is J 40 micrometers. The outer-row 
bond pad pitch is 177,8 micrometers and the inner-row bond 
pad pitch is It38il5 micrometers. 
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Fig. 1. Radially staggered bond pad eorifiguration. 

S(|uare or reel angular bond pad oi^cnings witli sniidl itiTiounis 
of chanifeniig would limit the ntaxinumi bus width for con- 
nection to bond pads. Tiierefore, octagonal bond pad open- 
ings udth an intenial radius of 90 nucronteters are used. Tlie 
octagonal Ixjnfl patls allow wider buses for the bond pad 
connections to ESD and I/O circuiiiy The niaxhnuni metal 
btis width used for the bond-pad-to-l/O or bond-pad -to- ESD 
connections for 208-pin die in tlie CM0S14TR process is 44 
micrometers. The niaxiniuni interc<;>nnect metal bus wklth ii^ 
dependent on the process design niles for passivat itm ojien- 
ing spacing to imi'elated metal, niininmn^ ntetal-to-metal 
spacuig, and total nmnber of pads. As shtJWT:^ iit Fig. 3, tjie 
spacuig between the ac^jacent mterctjimect buses gets sntaller 
for the corner pad openings. As the ntmiber of pms htcr eases, 
the inner-row [jad pitch increases, while the mtercoitnect 
metal spacing of the comermost pads decreases at a faster 
rate. As a result. 44-micrometer metal width would be too 
wide in a 240-inn die. In a 10t)'pin or U)6-pin die, the inner 
row' pad pitches aie smaller than in a 208-pin die, init 
because of tite absence of tlte nicjst exJxeme comer bond 




pads. 1 hree to .six micrometer wider metal buses can be used 
for metal lionding pad connections to ESD or 1/0 circmtry. 

Design Challenges 

Routing and Band Pad Placement The longest bus connection 
to tlie outer-row- bontl pads from the I/O circuiti^ is about 
197 micro met el's and the shortest comiection is 155 microm- 
etere. To reduce the interconnect bus resistance to less than 
0.1 ohm. all metal layer's are used m p^irallel for the bond 
pad connection to the 1/0 or ESD circiiitrj^ 

l;sing tlie staggered bond pad configuration requires that 
the I/O and ESD circuitiy l>e laid out in a narrow^er pitch 
thait the existmg inline configuration. It also requires special 
placement of bond pads and possible mtmual connection to 
bond pads. A^ this configuration becomes more standard, 
tools may be developetl for autonmtic placement of the bond 
pads itnci automatic bond pad interconitecttion to I/O and 
ESD rircuitiy A script to peifonn the b<md i>ad placement 
of one eighth of the chip w^as written in (be HP CliipBusier 
layout editor's scripting language. However, shice the avail- 
able autoroute tools do not allow nonoititogonal comiections, 
the coimections to the bond pads w^re made manually. 

Long IWetal Interconnect Issues. Since all three metal layers 
are paralleled for t lie bond pad coitnectioit, the maximum 
interconnect bus resistance to UO or ESD circtiiny is less 
than 0.1 ohm for the 44-mi cram e tea' ntetal widths m this pro- 
cess. Because of tills low resistance, there is no restricfion 
on the choice of tlie bond pad cormecfion location eitlier 
for ihe supply signals or for tlie tiifferent I/O circuits. The 
44'iuicroineter bus is also adequate for ihe vol I age tirops 
during an ESD evenb Because Ihe substrate capacitance is 
large compared to tlie nmtual capacitance <jf tlie metal inter- 
connects between neighboiing signaLs. minnttunt design rules 
can be used for n\etal'tO"metal si>acing of tlie intercomiectlng 
buses witltout undue concent regarding cross talk. 

Placing lite ESD circuitry on the die boimdarj' side of the 
bond pads allows a wider metal connection to the substrate 
gromid. wMch has less resistance aitd a smaller voltage drop 
during an ESD event. 

Latchup was fointd to present no problem as long as the 
process design guidelines were followed. 

Inline versus Two-Tiered Design. In a conventional single-row 
inline bond pad aiTangcment. Ihe mininmm I/O ring size is 
a function of the nhninuun pad pilch, tiie VO and ESD cir- 
cuitiy heiglit including the required spacing betw^een them. 



Kg* 2, Sample bond pad ttomiection. 
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and ilif tiiuii pin < uiini. Tlu* \vi(if h <j| uiie i^uie m1 a rhip vim 
he ammmmMeil by the ruUowijig fr>rniula: 



II 1 

1_! l_j I i_j 1 l_J 

.LJ_±_LJ_J I L_i l_J 



side widtii = (iiuiuhtT of pads on the side) 

X (niiniimiin I/O pitch) + 2 x (I/O height). 



(1) 



Therefore, for a 208-pin thip with 1 10-niicronieter pad pitch 
when die I/O and ESD sf rucim es li eights are about ")(KJ nii- 
cranietei^, the rniiiimum chip size will be 6.72 x 6.72 innr. 

In a staggered pad eonJlgtinition ilie I/O pitch is reduced to 
84.25 nikTonieters. Becattse of the tw^o rows of bond pad 
operungs iind the narrower \/0 pilch, the total block beiglir Is 
iiK-reaseti to 1^(50 niicrotneiera Therefore, the niiinnnini chip 
size will i>e aboui 5.70 x 5,70 nint". Tliis cliip will l)e approxi- 
mately 1 nuti staalier on eacii side tliaii a chip vvitli an inline 
bond pari configuration of 110-niicromcter i^ad jiitch even 
though tlie pati height h^is increasetf by ItiO niicroiiietei^. 

Tile only differences between the in Hue boncJ pad aixange- 
merU atnl the siagt^erefl pa<l arrangement are I lie iiicrt^^use in 
tlie I/O and RSl> clrciutry heighl.s. die I/O pitc li. and tlie 
extm 141 1 ; Ml' ! ■ Jiiiefer tieight in the bonding aiea. Therefore, 
using etjiiatiuii h we cm\ derive the frillowingcondilionai 
expression for a scjtiare die: 

(( rnuuber of pads)/8] x [(mline I/O pitch) - (stagj^ered 1/0 
pitcli)! < t(l/Ohei^it staggered) - (I/Oheighi iiiiinc^) + 
140)/ 

Ef this inequality' is satisfied, it Is a better area trade-off to 
use the staggered pad configuratitHi rather I bail the inline 
btind i>atl placement. If the two siiles of the inetiuality are 
equal, llieu there is no rirea benellt fr<jni usitig the sitagjSered 
botid pad configuration. 

Test Chip Architectures 

Tw^o versions; of a 208- pi a lesi <iu' were desigrietl mid ffibii- 
catefl with suhable tcsit slinctiires. One vei^ion of the die 
was tnainly for the reliability qualillcalion r»f ihe jiackage. 
Tlte seciind version of the the was designed for \'eriljcation 
of the fuJKitonjiiity and perf<JtnnatTce of the 1/0 and ESD 
cinuitiy in the new package with the ni^w bond pad archi- 
tecture. 

Afler cousidermg the voliage drop t>ecatise of the extra nietiil 
bus cchuhhM ions mnl tlie pad height, miil calciihuiiig lite opti- 
nial l/( 1 pilch and optund pow er and gri>und bUsS w iilths* the 
I/O and ESD circtiitries were laid out in 84.25-inicrotneter 
and iSH.fMi Udometer pilcln»s resju actively, with siiiall iiKidifi- 
catioiLs fr<uii the inhne l/C) <lesigns. New su]:iport t>ads nuch 
as comer pads juid powder and groiuid pads were designed 
lo fit this new^ I/O ringsttu(1un\ 



As shown in Fig. 4. the bond t)ad placement on the t%vo 
halves of each of the die sides is symmen-ical around the 
center of each side. The bond pad plac*enieiit j^itch for each 
row is constant except in tiie center of each side. Tiie 
two center bond pads in tlie outer row are placed with 
llO-rnicrfHiieter iiitcb l>ecaiLse of the nuniniuin inline jiad 
t>itt*b liiuitaii<Jns. Effectively, ilie two center bond pads in 
the iriner rows have 278,9-inicromet:er pitch. 

The tc*st die w^ere fabricatetl and tested for package qutilifi- 
cation and I/O and ESD perlbriuiuice. CKer 500 pmts \^'ere 
packaged and tested. TTae package qualification yield w^as 
over 98% and the parts passed 3500V HBM (hunum body 
model) ESI) stress. 

Extendability Study 

As O0~niic:ronieter inhne bond pad pitch wixh inuiimimi pas^ 
sivation opening of 75 in icio meters becomes feasible, the 
radially staggered pad ijilch van Ire further reduced to 
70-nncro meter and later 50-mlcrometer effective iiitch. 
Tlies** tian'ower pitches create a new set of issues for cfin- 
sideration. ;\.s thebotul pad t>itches aie reduced, die I/O 
at id ESI) [Ht cites ;u*e reduced as welf The finer tiad pilch 
n^dnccs the Ifiierconnect metal bus widths, wliich wouhl 




Fig, 4* K.xperitni^Mt^il c 1ii|] fabri catted to test tlie l/tJ tiiid KSl) 
p(^rlbriT I'll Iff' 
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Jesuit in higlier bus resist^ice- Tlie 1/0 firctiitty and ESD 
rirruifr>' woukl increase in lieight at a much higher rate than 
the i HJ-t(j-88.9-niicrometer conversions, smce the smaller 
iy(J wiciLh limits the number of metal tracks that can be used 
for circuitry' interconnects within the cell. In the case of the 
1004o-84.25-micTometer I/O pitch conversion, the I/O height 
was only increased by about 2{J micrometers. However, in 
the case of 7f)-niicrometer bond pad pitch, wlien tlie 1/0 pilch 
will be about 65 micrometei'St the I/O height increases frcmi 
50 to 100 micrometers depending on tiie different I/O fmi( - 
tionalities. Even with this amount of height increase in I/O, 
the new 70-niicnmreter staggered pad die would hv about 
1 mm similler on each side than die inline yo-micrameier- 
jiilch die. It can be predicted that the 50-rtncronieter pitch 
\K(mki re(|uire a much l^n'^er increase in I he I/O height and 
may face c in uit layout limitations for metal intercomieci in 
a thi"ee-layer-metal process. 

One solution to this problem would be to use processes witli 
four or more meraj layers. This will minimise the resistance 
hi the metal interconnect buses from the bond pads to R) or 
ESD circuity; mTrl at the same time will refluee die I/O an(i 
ESD circuiti^' height mui pos^sibiy minimise the internal cell 
routing limitations that would be present in the case of 
rjO-niicrometer effective pad pitches, at the expense of a 
more expensive process. 



be implemented were presented* The issues of layout, place- 
ment, and routing f(»r boih tlie present design and the Iliture 
migration to finer pit c:b were discussed. 

This wire bonding solution was engineered with the goal of 
achieving die size reduction while minimizing the imi>art on 
cost and mamdacturaliility. As such, it Ls beheved that tlie 
scheme offers a significant cost reduction opportimit^r on 
pad-limited K" designs. 
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Conclusion 

This pa|>er has presented a desc^riptkin <jf a new methodology 
for the im[)leinentalion of radially staggered honding lech- 
nology from I he sijmdp<jint of I/O pad circuit <iiul KSl) struc- 
tuie design. The algorithms by which the methodology am 
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A Miniature Surface Mount Reflective 
Optical Shafl: Encoder 

The HEDR-800D Series encoders provide two-channel medium-resolutton 
encoding performance in a very smell SO-8 plastic package. Their small 
size, refiective operation, and low cost enable customers to design them 
into applications that were impossible for earlier encoders, such as 
feedback sensing for the miniature motors used in copiers, cameras, 
vending machines, and card readers. 

by Ham S. Krishnan, Thomas J. Lugaresi, and Richard Ruh 



liiiajjine a posilion sen-tj seriyor so siiUill that it cart fit almost 
an>T\-here. Put it in a surface niouTil iiackage and give it a 
IJiice eoiTipfiraljle to slot eitcoders thai liave iiuich lower 
resolutioiL Sucli a sensor became reality with the introdiir- 
lion of the HV HEEJR-8l)00 Series renertive optical smfaro 
monni encodei*s(Fig. I), 

Tlie HEDR-S(K)d Series encoders deliver HP reHectlve opti- 
cal encoder technology in a surface nioiml t>ackage. They 
provide two-channel niediuni-resornlioii (75 and lot) lines 
per inch) encoditig perfonujince in a veo' small SO-8 (small 
outline ^pin) clear i)iastir package. The reflective teclmology 
of the HKl)R-8iK)tl Series encoders is inherently different 
froEit other UP en( <jder niodtik'S, wliicli lise transniissive 
technology wjih lighl ])assing through a rodewheel or code- 
strip, in the HEI)R-8(K)0 Series encoders, hght reflects off 
the codewheel or codeslrii>. 

[IP's shaft encoders (sensors that measure the positit)ri or a 
rotating motor shaft) hiive iilways been btised on ojUoelec- 
tronics, thus providing noncontact measure nienl and far 




Fig. 1. lit' Ht:i)[i 8(KI0 n?nectivt3 optif al surrLLtc mi.mui eiuodur. 



greater reUability than contact potentiometers. TTie first HP 
encoders were the irEDS-5(K)0/ti(H)0 Cfmtplete encoder t>ack- 
ages, mttoduced in 1979. In 1987 HP introduced The Itjw-i ost 
HEDS-9100 encoder mod ale. a small optoelectronic package 
that must be combined with a coded wheel or strip to func- 
tion as a position sensor. A powerful leatiue of this encoder 
w^is that it could be jtsscniihk^d with a codewheel TAdtliout the 
need for "i^hasing," or adjusting the position of the encoder 
to bring the output signals within the desh-ed specification. 
Tile HEi)S-liU)() family quic kly became the position sensors 
u f c h o i c e i n t h e C( mi j i l 1 1 e r j >e riph erals mar k( ' I . But by 1 9H9, 
Itjw-cost ink jet printers were introdnced and needed a 
smaller, lower cost solution. TliLs led to the ititrodtt<*tion 
cif the HHDS'970t) family of encoders, which were smaller, 
less expensive, and ultraieliable. sup[iorte<i hlgli-volunie 
assembly, aiid offered excellent performance. 

Tlie IlEDR-^SOOO ISeries encoders were developed because 
new low-enrl printers required a. smaller less expensive* 
encoder. Customers were redefining high-vohime tissembly 
capabihty to include surface mountahility and infrared 
reflow oven s<»hl(^ral>iii!y. The design objectives for the 
IIEf )R-8i)f)(l Series eru'odei project were low cost, surfact? 
mnnnl capabihty, and rtie<hutii resolution, 

The tlesign was influenced by a ntnv pi txluct introduced for 
front-panel apphcations, the HPllUPti fainhy, whJtIi proved 
that reflective sensors were not only feasible and hiexi>en- 
sive, hut had the added advantage f>rstacl<^ibilhy, that is, 
the coflewlieel tir ludi strip conUl t»e mt>mtted (Hi lop of the 
encoder module mid not "through" it , as required l)y the pre- 
vious transmissive mtKlels. Tliis not only efiliances the high- 
volume asseniblability, Inir also aUows the encoder to be 
jjlaced in space-limited apphcations. 

Tlit^ small size, refle<iive f>i)eration, aiid low (*fist of the 
IlElJR-HOdO Series enc*Kiers enaltle customers to design 
thc>ni into applicatioiis \\m were flifficnlt for earlier encoders, 
Ouf> such afjpheatjon is feedback sensing for the miniature 
jTiotors uschI in eotne*^^* cameras, vending machines, and 
card-readers. 

Fig, 2 shows I be evolution of IIP niHical encoders in cost 
and si?:e. 
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Fig. 2. Reducdon in size imd cost of HP encQcJers, 



Ba$$ic Operating Principles 

The IIEDR-HOOO Series encoders combines an emitter aiid a 
detector in a single surface mount SO-8 package. As shown 
in the block diagram. Fig. 3, the HEDR-800(^ Senes encoders 
have three l<ey parts: a single LED light source, a photo- 
detector IC, and a pair of lenses molded into the package. 
The !enj> over the LED focuses light onto the co<^ievvlieel and 
the image of the code wheel is reflected back ihrouglr the 
lens to thephotodetectorlC, 

As the code wheel rotates, an alternating pattern of light and 
dark coiresponditig to tlie pattern on the codewheel fails on 
the photodiodes. This light pattern is used to produce inter- 
nal signals A and B and their coniplements A mid B, Tliese 
signals are fed tln'oiigji conipajatom to produce Uie llrtal 
digital outputs for Channels A and B. 

The lIEDR-8000 Series encoders' p erf onn an t^e is character- 
ized by die quality and consistency of the two encoding sig- 
nals, Chaiuiel A and Channel B. These signals have a quadra- 
ture relationship so that, as the codewheel passes in one 
direction, Channel A leads Channel B. and as the codewheel 
passes in the other direction, Channel B leads Channel A. 
Fig. 4 shows the otilpnt waveforms. Although the HEDR- 
SOOO Series encoders match HEDS-970() resolution. t:hey 
have generally lower perfomian(*e t:han tiieirtransmissive 
predecessors, in part because of smaller sii^e and lower cosh 

Encoder Design 

The tirsl siej>s in ilie design determined the lens sizes re- 
quired to gather sufficient light, the uuninuuu detector IC 
size needed, and the muhnunn rruniber of pins needed. A 
requirement was to use a standard surface nioitnt package 
to allow^ customers to use standaixl assembly equiiiment 
such as pick-and-place machines. These requirements were 
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Fig. 3. HEDR-SOOO Series encoder block diagram. 



Codewheel Rotetion or Linear Movement 
Fig* 4, (Juti>ut wavefonns of the HEDH-8OO0 Series encoders. 

traded ofT with the customers' need for a small, fit -anywhere 
size to anive at the SO-8 package. However, the height was 
increased heyonti the standard to allow for the proper optical 
focal length of the lenses, after it was determined t hat this 
dk\ no! interfere with tiie operation of starulard assembly 
equipinent. The low<^ost ohjecdves are achievetl by using a 
transfer molding process to form the package and lenses all 
at the same time. The jilastir used to encapsulate the paits 
needed tr> he o[>tically cleai' and transfer molriahle. Not many 
such materiais exist, htJt a i!) old able material was fount! that 
transmits about 90')'o of the light at the LED's wa\'e length of 
700 nanometers. A book mold was built to mold prototype 
parts. 

Existing ICs were used in earlj^ jpj^ftyp^s, atid code wheels 
were made by photocopying a ^SS®M' pattern onto a reflec- 
tive mylar sheet and cutting out the disks. Amazingly, they 
worked! 

In its final configuration, an HFiDR-8000 Series encoder con- 
sists of a clear plastic SO-S package ^dtJt two lenses located 
on the top of the package. A slit -shaped light-emitting cliofle 
(LED ) thai ermXs red light at 700 nanometers is mider one 
iens mid a silicon bipolar detector IC is mider the other lens. 

Optical Design 

Tlie reflectiiitT^' of the codewheel smface is an importaiU 
factor affecting the perfonnance of tlie HEDR-8000 Series 
encoders. The ideal codewheel reflective smface is a minor 
that reflects almost all the Ught mcident on it. The mirror- 
like property is specified by a measiu'e called specular 
refJeciatire. Specular reflect an le [or specularity) is the 
percentage of the incident light dial is reflected hack at an 
angle eqtial to the angle of incidence. This is the property of 
a surface ftof io scatter light. For example, a shmy stirface 
with a rough finisli will reflect ntost of the Ught incident 
upon it, but will also scatter the light, and therefore will 
have a low specular reflectance. Tlie speculai^ reflectance 
can be measmed with a de\ice called a scatterometer. For 
proper operation, a minimum of tWKi spectdar reflectance is 
re<iuire<i in the reflecti\c' iioitions of the codewheel and a 
maximum of U/Kj specular reflectance is reqtiired in the non- 
reflective portions. For example, metalized mylar code- 
wheels having 85% specularity- and nickel-])! at ed stainless- 
steel codewheels with t\pically 65% specidarity both 
perform well with the HEDR-SOOO Series encoders. 

The HEDR-SOOO Series encoder lenses are spherical and 
have a radiiLs of curvature of about 0,7 nmi. Different iens 
options such as asphencal lenses, cyhndrical lenses, no 
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lenses, and others were tried by simiilarion- Spherical lenses 
were chosen for their ease and low t*osi of nianufacturiiig 
and verificaijoi! (no mill correlators required), as well as 
their perfomtanee { signiflcanily better than no lenses or 
cyliBdrical lenses). 

The performance of the part %vas simulaied using ASAP, a 
ray-trace prograni, %vith manufacturiJig tolerances included 
Hie results indicated that tJte HEDR-SOOO Series encoders 
would work robusiiy oxer the nornial manufactimng loler- 
ai>res. but tiie encoding perfomiauce would var>* because of 
these tolerances. 

ASAP was used to vBiy utauufncturing tolerances such as 
die attach locations and lens diniensioitaJ variations. Cus- 
toiuer assembly tolerances such as codewheel gap were also 
simulated. Tliese studies were used to detemiinc the opti- 
mal lens radius and heights 

A critical design jjarameter is the included migle* defined as 
the angle sub( ended Ity the radii of the lenses. If the lenses 
w^ere complete hemispheres, die included angle would be 
180 degrees. Once again, ojjtical sirmtlations were usetl to 
detenu itte the optimum included imgle. 

Detector iC 

Ttie starting point for the tlie HEDR-8000 Series encoder 
mtegiated circuit was the existiug tvto-chant^el integrated 
circuit used in llFs high-iierfonnajice ent*udei's. The chaJ- 
lenge was to take ibis basic design and reduce it in size to 
meet the low-cost objectives of the llEDR-SOOO Series 
encoders without saciificiug perfonnance. 

The encoder circuit contains tlie following functions; 
' Detecrton. [mplenuf'nrefl by photodiodes 
' .'\!uplit1<iitiyu of ]jhotocujTents 
' Production of HUihlv bias (Hinents 

' C'iu-reut-tO"digital-oiitput-vollage conversion with hysteresis 
' Pro\dsion for tcslabihty. 

The photodiode area was shnmk by a factor of 10 relative to 
Ihe existing detector IC' and ilu* loss rjf signal was juade up 
by increasing the lens magui Ileal ion and the amplifier gain, 

Tlie aiuplifiei- was reduced to one tlmd of its original num- 
bei' of devices by irading off seusiti\ity to rjansisior gain 
clmnges resulting front IC process variations. Thi;' IlEDR- 
8000 Series encoder iunt)!!^^^' has a very large dynamic 
range and can work with a wide range of pbolocuiTenls. 
Contmoivmode rejecl ir*n is provided by using a differential 
inptit (Tjnfiguration. 

For the llEDK-SOOO Series enco<lers, a new hysteresis cir- 
cuit was designed using a geometric offset in the emitter 
instead of using a resistor as in the previous circuits. Tlds 
allowed the removal of t\^c> lai^^e lesisiors while maintaining 
riie function of the eircuii. The hyslert'sis was fomid to jjcr- 
form better than the original circuit over teni])eratm*e and 
V^f. variations, hut is more sensitive to vahations in the IC 
fabrication process. 

No changes were made to the other functions. 

Tlie detector IC is a 5V bipolar de%ice. Fig. 5 shows a partial 
layout and Fig. shows the equivalent schematic circuiL 

The circuit ust^s oiw or more* sets of two photodiodes for 
each channel. The niuuber f^fscis detHHuls on ihv resolutioti 
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ofthe part icuiar model, For example, Ihe 7ri-line-per-inch 
\ension has one set (a totjU of four [ihotodiodes) and the 
150-Une'perincii v(-rsion iias two sets (a total r>r eight photo- 
diodes). The phoiodi{)deN in each sej^are laid oul next to 
each odier and labeled A, B, A, and B, Iti i Itat order If there 
is more thiui one set. tlie pattern repeats. The jibotodiodes 
are placed so that the image of each set spm\s tJie pitt h of 
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the code wheel, that is, the \\idth of each photodiode is a 
quarter of the codewheel pitch. The witkh of the photodiode 
at the detector IC is reduced by the aiagiiification factor of 
the lens, which is 4/3. ThuSj for the 150'line-per-inch version, 
tile photodiode wicilli is O.D013 inch. Ttiis reduced photo- 
diode size allows a reduction in the size and therefore the 
cost of the detector IC. 

The A and A photodiodes to|?e!lier prfvduce the A channel 
output and the E and B pliotothodes together produce the 
B channel output. 90 electrical degrees apjiri from A. The 
layout of the photodiodes is such that tlie A and B photo cur- 
rents are 90 electrical degrees apart in phase, the A and A 
photoc^urrenls are 180 electrical degrees apart in phase, and 
the B and B photocorrents are ISO electrical degrees apart 
in phase. Tiie A and A ijhotocMrreiits ate amplified and fed 
into a compaiator. The comparator's output, wliicli miiTors 
the encoder's outi>uit switches high when the A photocur- 
rent is greater than the A photocurrent , and switches low 
when the A jDhotocurrent is less than the A photocunent. 
This push -p till operation aliows consistent peiforniance 
despite changing LED j:»ei*fonuance (which happens over 
time and varying teniiierature conditions). If there is more 
than one set of photodiodes^ the pliot.ocurrents from all of 
file A photodiodes aie averaged, m\d similarly for S, B, ajid 
Bt thus minimizing the effect of codewheel irregularity. 

Crosstalk hetween the two outijut chmmels is minimized by 
using an internal capacitor ttJ slow the output transistor fall 
time to about 100 ns aJid by sepaiation and shielduig of sen- 
sitive signals. 



The circuit is designed so that one of the photocurrents 
must be greater than the other by iff^r? to cause a change of 
output state. This hysteresis effect is important in prevetit- 
ing oscillations for the case when ctuTents from A an<i A are 
exactly equal and spurious noise can cause a change in the 
output state. 

T!ie detector IC design is flexible enougli to allow resolutions 
of iB lines per inch to 200 lines per inch^ with a change in the 
photodiode pitch. 

Performance 

The lIEDR-8000 Series encoders are very' tolerant to radial 
misalignment, ttmgential misaligiunnent. axial play of tlie 
shaft on which the codewheel is mounted. LED cuiTent. and 
codewheel/cotiestrip gap. Fig* 7 shows typical performance 
for the 754ine-per-mch version. 

Manufacturing 

Tlie HEDR'8000 Series encoders required completely new 
processes for mai^ufacluring. It was decided at the outset 
that key processes such as transfer inoldhig of the package 
would be developed in San Jose, C-alifornia and then installed 
m Singapore after the bugs were wT>rked out. However, aii 
important distinction from pre\lous encoder hnes was that 
the entire manufacturing line would be set up in Singapore 
from the beginning. The line was set up to produce small 
vulumes so that customers could begin to design the IIEDE- 
8000 Series encoders into their apphcations- The theory' was 
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I hat by the time ctistomf^rs were readj" to buy the encoders 
in volume, a high-t*apacily line would he in place. 

Project Management Issues 

Many HEDR-SOCKJ Series encoder cusloniers are in Japan* 
the manufacturing tine is in Singapore, and most of the 
deselopment staff is in San Jose. Snch projec^Ls are c-onvpli- 
cateft by their logi.«iti(^. not to mention the different culture*? 
and time zones, A go<xl many trips were made to Japan ant I 
Singai)ore. and these went a long way to improve personal 
relatioashi|KS among team members and move the project 
along in its difficult times. 

The projeti also eKt>erimented with twcj new concepts. One, 
called ilnritive pfiMlurt developmenl, invohed building pro- 
tot\77es ;uid presenting diem to key customers for evaluation. 
A finii iirrxluct (lefitiltion was avoided mitil the j)rototyi>es 
got to a stage where the customei-s were clearly delighted 
with the concept. At this point, the product specification 
was finahzed antl the development begaji in earnest. 

lite second experiment in%'olved producing parts on tempo- 
rat'y or low-capacity lotjling. Tlie unent was to s^ieed up 
market entrj- mx^l subsequently dewlop a high-volume line 



while the customers evaluated the product in their 
applications. 
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The Global Positioning System and 
HP SmartClock 



The U.S. Department of Defense Global Positioning System 
has inherent problems that limit its use as a source of timing. 
HP SmartClock is a collection of software algorithms that solve 

or greatly minimize these problems, 

by John A, Kusters 



The Global Positioning Syslenin or GPS, was designed as a 
rangij\g sysieni lliat uses known positions of salellitt*s iii 
space to <ielf rniine uiiknoi-Mi positioiis on kmd. on the sea, 
in the air. and in space. GPS is a p missive system in wliich 
each satellite transmits its positian and the tinie of tlie posi- 
tion message. No information about the usei" or tlie user*s 
receiver is retiuiied for a determination of die user's insttm- 
tarveous position and velocity (navigational use) or for deter- 
mining time at the user's receiver (time transfer use). 

GPS was initiated by the United States Depaitment of 
Defense in 1973, The system was reccndy declared fully 
oiJerational by tlie United States Air Force- Tw entj^-fonr sat- 
ellites currently make up the GPS constellation: four satel- 
lites In each of six planes spaeetJ sixty degrees apart and 
inclined ai 55"" lo the equator. Each satellite carries multiple 
atomic clt^cks, either cesium or nibidium, for redundancy 
and reliability. One oftlie clot ks is declared operalional 
for timekeeping purposes. Each satellite is also monitored 



by several ground reference stations to maintain accuracy, 
intimate timing accuracy is determined l)y the IJniled States 
Naviil Obsenatorj^ [ USNO ) master clock. Fig. 1 shows (he 
thiee segments of the GPS system: the satelhtes in space, 
die monitor and cgiitrol function, and the user population. 

Hewlett-Packard Company has been mvolved wiih the GPS 
program sincf its beguming. All of tlie hequency standards 
at the inthvidnal gr<imid reference sites iiU^e HP 5061 A cesimn 
beajn frequency standards. Most of the cesium sta.ndarrls £n 
L'SNO aie the newer IIP 507L\ primaiy' frequency standard. 
Many other sites around the world also monitor GPS on a 
continuing basis. Virtually all of these also use one or both 
of the IIP cesium stiuulmci models. MP has actively sup[)orted 
experimenlal u.ses of GPS with ei|uipmenl and (echnical 
expertise, h\ addititjn, severed fomier IIP scientists were 
among the fn^t to realixe tlie Full commercial utility of the 
GPS system. 



Space Segment 



Moniior 




Usirr Segment 



Fig, 1. The three segments of the 
GPS uysttdm. 
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As participants in the GPS program, we were aware of its 
implications to our primary frequency standard product line. 
We were iiiso aware that we had technology' thai <tiniplemen- 
ted the GPS tec*linolog>- in mmiy areas. A natural progression 
was to exfilore what we could poienlially do with GPS in the 
areas of tinie and frequency standards and measurement 
techniques. 

In 1992, one of our customers in the electrical |jower industr% 
contacted HP about buying one of our cesium standards. 
At the time, giwn the nature of the power iniiiLSir>" Iti North 
America, we were smpriseil that this utility feit it needed ttie 
precision of a cesium clock How does one correlate needs 
at 60 Hz with a precision in the t^snmi standard of parts in 
l()i'>? We %isjted I hem, and fomid that their need was not for 
CK) Hz but to precisely measure a wide variety of commercia] 
GPS receivers to attempt to solve a ni^or problem m their 
power system. This company generates power at various 
hydroelectric sites, Wlien pow^er Ibies fail :is tliey do. usually 
in the worst of weather, immediate knowledge of the location 
of the failure is essential to fix the problem. A key fad is 
that wiien the line fails, a traveling wave is generated at the 
failiu'e and propagate.s on the power hnes to powder substa- 
tions in both tiirerrions on the power line. If the utility could 
precisely time tl\e aiTival of the travelu^g wave at two or 
more substations, then the fiiilure location could be deter- 
mined. Tliis requires that each station maiiuain tfie same 
lime, atid that this rime be accurate to about 300 nanosec- 
onds imder any w^eather conditions. The oi^ly glol)aJ timing 
system that meets these rcqiiirements today is GPS. 

Looking at the advertisements fiom many different GPS 
equipment vendors might give one the feeling that GPS is 
the answer to any navigational or time transfer need, GPS is 
%1ewed by many as the next utihty. But, GPS as a utility has 
problems just as do tlie power and the telephotie utilities. 

System Problems 

To meet navi^atkmal sur\'eying, and Uiitc fnuisft^r needs, 
(^acli ut the ( rPS sati^ll il.es broadcasts its posuirm mid time. 
However, the message fyrnadcast is not necessaiily accurate. 
The position of a satellite, its fphfmieris, is not exactly 
knowm and madt^ available to the public until 48 how's after 
it is broadcast. Mucli iriore serious is a characteristic of (JPS 
that iillows the U.S. Department of Defense to degrade either 
the time message or the eplietnetis or btJtii. Collectively, the 
degrarlation is known as Mrfedirr atmUfihiUhi or SA. 8A is 
Jitter that is deliberately itUroduceil into the system Xx^ reduce 
its overall accuracy for nontnilitary tisers. Users of the stan- 
dani posilionhuf ^etTU'e (SPS) of GPS, therefore, cannot 
achieve full system accuracy. SPS is specified to provide 100 
meiets hori:contal p^jsitkjning at curacy, 156 metei^s vertical 
arcuracy. mul 340 nanoseconds time tnmsfer accuracy, 95% 
rjf tlie time J A graphical representation of tjiis is showTi in 
I'igs. 2 an(i 3. 

IJnileti States niiUtar>' and other authorized users with (lie 
proper secmity keys can access th^ precise pomtioning 
sprnrr (PPS) of GPS. PPS is st>ecified to rirovide 15 meters 
s|>herivH] [Jijsitiun atctuacy and 100 naiu>seconds time 
transfer accuiticy. 

System errors are a prodttct t)f the stability of a particular 
sateUiies clock* the pretiictabtlity of its orbit (ephemeris). 




Fig. 2. GPS horizontal eirois over a 2^honr period using SPS 
(from referent- e l). 

and errors in the satelhte messages. Under most circum- 
stances the combination introciiices a timing uncertainty of 
10 to 50 nanoseconds, 

A ms^jor problem occurs when a satellite malfunctions and is 
not identified as bad in the satellite message, or when MTong 
or inaccurate data is sent from the gromid control station to 
the GPS satellites. Effects on the user's da!a can be signifi- 
cant, with timing erroi's approaching many milliseconds and 
positional enots up to several thousand meters. The only 
protect if m ffir the iLser seeking co[itinuously acenrate time 
and Imiuency is to use a receiver that has beeti specifically 
designed to be a timing reference and provides continued 
operation without degradation of time if either the GPSsys- 
ttmi heroines inoticrative or bad datii is IjroaciCfUSt from the 
system. 

PropagatifJii Problems 

GPS satellites m'c in a half-geosynchronous orbit. They lake 
essentially 12 hours to circutnitavigate the earth at ati alti- 
tude cjf 10,000 miles. Sigruils from the satelhtes propagate 
through the ionospiiere and the eartJi s troposphere before 
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reaching the user's GPS receiver. Losses and signal delays 
throitgh the ionosphere can he large when solar activity is 
liigh. Oilier losses and signal <lelays occur because of local- 
i;ced weaih€^r conditions. A standard model for ionospheric 
Lime delays is contained in the satellite niessagt% biil it is 
only about 50% accurate. Tlnung delays caused by iono- 
spheric ajid troptisplieric effects can approac h se^^eral tens 
of nanoseconds. huHier cnors caji occur in the receiver 
because of errors m the processors calculation of the iono- 
spheric model 

Receiver Problems 

Propagation effects and computational enors are also seen 
in the GPS receiver as tuning biases that are a function of 
the receiver design. These aiT usually estimated by tJie GPS 
designer mid proper compensation is pro\ide[l However, for 
critical appli cat inns, additional calibration of mi individual 
receiver [uij^ht be required. If properly designed, receiver 
bias is usually less than 20 nanoseconds. 

User Problems 

User insialiatiou i^roblems can result in further degradation 
of posit ion ai data and timing data. Most GFS receivers are 
capable of providing lalitiide and longitude witii sufficient 
accuracy to obtain g(jo<l liming. There is hi lie correlation 
between laiilnde and lojigilude errors and timing enors, 
as long as the positional en'or is less than 100 meters. Tlie 
problem is that enor's in altitude correlate strongly with 
timing errors, and altitude <;^n'ors are usually greater I Iran 
latitude^ mid kmgitude errors. Correlation plots are showit 
in Figs. 4 mid 5.^ 

Another meyor problem is that GPS determines its position 
and time at the antenna, not at the receiver. Adc^tional delay 
must be introduced by the user to acconnt for antenna piop- 
agation delay and the delay of any fmlher cal)lirig used to 
deliver the timing signal to the user Timliig errrjrs are de- 
pendent on the length of the mitenna caljle. The length can 
be greater than 300 meters, so timing eiTors greater thmi 
1 niierosecond are possible. The most effective method is to 
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Fig, 5. GPS rieasuremeiit. 10-seconci samples, shcnving stron|f cor- 
relation between vertical error and time furroT (from rererence 2), 

measure the actual electrical lerigth of all cables after instal- 
lation, tising time-domain mflectoiuetry tecinuques. 

Antenna siting is another potential problem. If strong radio 
freqnency reflectors are in the \icinily of the antenna, run It i- 
path leOection of the GPS signal may occm*. Because of imtl- 
tipath, the receiver receives t wo or more signals from I he 
same sateUite, but with rhfferenl lime delays. VVithonI |tri>p- 
cr consideration of nndtipath and effective receiver cUid 
antemia design to minimize its effects, timing errors up to 
50 nanoseconds can be seen. 

System and user timing enors are smnniarized in TsMe L 
The values shown are generally worst-case. 



Table I 
GPS Timing Errors 

Specification or Expected Error 

± 340 ns Cat 95%) 



Cause 

GPS System 

Propagation 
Ionosphere 
TToposphei^e 
Solar Flares 

User 
Receiver 
Horizontal Position 

Errors 
Vertical Position 

Krroi^ 
AiUenna 

Multipath 
Environn>ental 



Lip to 40 ns 
lip to 20 ns 

40 ns to system inoperative, 
dependent on severity 

< 20 ns 

ne?(ligible if seif-sun ey is used 

3 ns per meter of altitude eiTor 
up to 3 ns per meter of antenna 

lengtJi enor 
up to 5C) ns 
up to 15 ns 



Fig* 4, tiPS tneastirejTii*nt, l(>-se< oiui saErii>If s^^ ^^linwiiij^ liflir c nrnrta- 
tion bcTweeji horizontal error aiici lirne error (from reference 2J. 



Another c oris i deration in anteiuia siting is that the desired 
location for l.lie juitenna may be in the near-field radiation of 
another transmitter and m\temia. The received sircngih of a 
Typical Gf'S signal is about — 134 dBm. Many nnerowa\'e 
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^^enis, ceEiilar telephone iransmitiers. and oilier wireless 
systems have frequency componejils and overtones sufTi- 
ciend\' near the GPS LI &equency. 1575.42 MHz, to overload 

the receh^er front end. If the signal strength of the interfering 
source is sufficient, GPS signals cannot be received. The 
best solution is to find a site where the GPS antenna is not 
in the near-field nidiaiion pattern of the interfering source. 
This may compromise the ehniination of niultipath. It may 
also be necessary* lo fiher all out-of-band signals at the 
antenna or at the receiver's from end- 
HP SmartClock 

Of all the error s<jurces disctjssed above, the most serious 
are the system errors. Selective availability^ is subject to 
cliajige at any linie. En'ors in the satellite message, satellite 
problems, and other system problems are stiii obsened 
occasion;illy even though the system itself is now ftdly 
functional. Further problems occur because of the satellite 
geometiy and the antenna location. Because of a nuirginal 
location, periods may ocetii^ when too few sale ilites are 
observed to get the desired positional and timing accuracy. 
Loss of satellites may also occvu- because of antenna prob- 
lems. Anterma leads can be damaged or cut. Snow load on 
the antenna can reduce its sensidvlty. Large birds liave been 
known to perch on the antentia. 

In our investigation of the OFS system and its potential use 
as a source of timing, we have develope*! a coiiection of 
software algoritjims that solve or greatly tainirnize these 
pitfblems. The ovenill roOectiot) is called HP SniaitClock/^ 

HP SmartClock [ns^truinents 

HP Sinarll lock tec iuiiques liav«^ been used in a wnde \^inety 
of applications and have restilted in a spectrum of HP jjrod- 
ucts to serv^e the needs of the general Oming population, 

TlTe HP 58503 A GPS time atid fiecinency reference receivei; 
F1g. 6, is designetl lo meet die tirtiing mid control needs of 
small calibration laboratories m\d the genertil need for high- 
pi*ecision frequency and timing witiiout buying a cesium 
stiUidard. It generates precise lU-MJlz and l-|ips sign^-^Us and 
incorporates an RS-232 or RS422 port for moni toting and 
control 





Fig. 7. HP 59^51 A ftps measurements sjiichronizaf ion module. 

Tlic HP 59551 A GPS measmements syncluonization module^ 
Fig. 7, is designed to meet specific needs of the power gen- 
eration and distribution comnumity. It provides a l-pps sig- 
nal IRKj-B, and three chmmels of high-precision event time 
tagging. 

The HP 55^30OA GPS telecom priitiary^ reference source, 
Fig, 8a, and the HP 55400A network synchronization imit. 
Fig, 8b, ate designed to meet specific needs of the commu- 
nications industry; 

Supporting these units are a vtlde \^ariery of special hardware^ 
antennas, line amplifiers, lightning arresters, fiber-optic dis- 
tril)ution amplifiers, and special [uotmting options to meet 
the needs of specific industries. 

Enhanced GPS 

VVht'n irPS is the reference source for tinting, the effects of 
selective availability (SA) catt he greatly minimized. Qbser' 
vations of Uie s[>ertral characteri sticks of SA show diat it has 
a correlatiort peak at about 400 set onds.^ Titus, any fdter 
that attempts l^o reduce SA must have time constants that 
are significantly longer than 400 seconds. Ettiuuwed GPS is 
an HP SmartClock digital filtering teclm.ique that exploits 
the observ^ed correlatiot; [leak. Whvj\ properly designed and 
matched to mi internal Iri^quency refi^rence sotuce, a filter 
{■an greatly retiuce the effects of S.4. Tiie standard specifica- 
titjii for SA Is 170 nant>seconds rms (r]40 ns at die 9f>% level). 
In a (rPS timing receiver using a high-precision quaitz oscil- 
lator such tis tite HP 1081 ID/E, the rnis deviation can bp 
reduced to below 30 nanoseconds. With atomic oscillatoj^ 
such as rubidium or the HP 5(J71A primary frequency stan- 
daj'd ns a relereiu:e, the rjTLs de\iatioii cmi be further reduced. 
Experimental res tilts wiih die HP 5071 A have shown an mis 
deviation of abotit 2 nanoseconds, an 85-fokl jctltu lion in 
the effect of SA.'^ Fig. shows Uie effect of die SA filler^ 
The black Unes indicate the time iiLstahiJity of die (tPS timing 
signed even lifter filtering with a (j-rlumnel rer eiver atui aver- 
aging over -iOO one-secoitd samples. The white line shows 
the tesulis of using the SA filter icj reduce thc^ amount of SA. 
In this case, die SA filtered data shows a 2, 1 nanosecond niis 
scatten 



Fig* 6. ilP riK.^ji):L-\ (|ps timeaiuJ frequency reff^renec* reviver. 
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Pig, B* (a) HP 553t)0A GPS telecom primary reference source, 
(b) HP 5e>400A ncftwork synchro nixari on unit. 

Ttie key is thai the spectral characteristics ofSA ami Ihe 
tinie-domain stability characi eristics of the oscillator used 
must be matched through the tyt:jes of tiltei's ;iuci the loop 



time constaiiti? used hi the vatious control loops. Each oscil- 
lator lyi>e has a unique filter technique tliat optimizes tlie 
rcchictiou of SA. 

Enhanced RAIM 

Re( T hrr iifiltiiifufif^it .^ irt trtji i fij ft f(jtt i i o r i / tfj { R AUVI ) is a 
series of algoritJims that continuoiisly check each satellite 
against all others under ol^seivatioii. RAIM ctm tiikc maiiy 
foriits. 1'lie (IPS engiuf' used in IIP timing niofiulcs has its 
owji vtn'siorK T-IL^IM, or ihTie-RAJM. Tlic IIP linimg reccivciTj 
have an extra layer of RAIM that checks timing mfonnalion 
received from the GPS engme agahxst its own timing derived 
from a precision oscillator. Algorithms monitor the overall 
healtli f>f the timing nicKliile, its timing sigiitil, ^md the signals 
receivet! from the tiPS engine to determine when enlianced 
RAIM needs U> l>e implemented to presen-e tlie ovcraO timing 
accuracy. 

Enhanced Learning 

Dming normal operation, tJie internal precision oscillator, 
usually a quail z oscillator, is phasc-h:>cked to the GI^ signal 
by com|jaring the time difference between the I-pps (jjulse- 
f>er-second) signal from the GPS engine to a sirnilai^ signal 
tleiived from the reference source, A block diagraui is shown 
in Fig. 1(1. Wiile locked to the GPS system, HP SniartClock 
employs nthanmi ieamhtg to measure the aging and envi- 
ronmental response ot the internal n^terence source. Over a 
|}eriod of tinus changes in the oscillator frequency caused 
by either aging or tem|jeraini e ctiat\ges are accinately mea- 
sured using iis a reference the signal from the GPS engine as 
derived from die enlianced CjPS tUgorithnr Changes caused 
by Iniuiidlty or pressure aie nuniniized by asing a henneti- 
caily sealed osciUaton 

Long-teim changes, those occiining o\^er a period of many 
hours, arc related to the aging of tlie intenial oscillator 
Frt\[uency changes also occiu' as a fun<1ion of temperatuie. 
These are measured and stored in infernal memoiy. Con- 
stants rekted to the aging uf the o.scillaior aie srored m 
RAM and are rederermined each tune i fie receiver is cimied 
on. Const4ints related to temperature peiformancc aie 
stored on EPROM, since temperatiue pcifoniiajice does not 
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Fig. 9. Tilt ling iVdUi taken at the 

IL*S, National histitutt' of Standards 
and Technology' (NIST) using HP 
Safari ClcK'k. The black line.^ repre- 
sent the c^ffect of SA (seleclivp 
availability) after extensive averag- 
ing using a il<'hannel OPS ret^eiver 
and 300'Second data averaging. 
The white tine m the center rep^re- 
sents the output of the SA filler, 
Obsen'etl mis deviation of the SA 
filtered data is 2 J ns (from 
reference 5), 
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Fig. 10. Block tliiignim of the HP Smarri "Icif k hardware, f j\^er an 
extended time period, a signal derived from I he osdliator is tarn- 
pared to iM ref^?r^nce. The referience can be GPS, or art other 
signal deemed syRIcieinb' accurate to me as a reference. The 
phase -lockf-d loop locks the oscillator to the reference- Frequency 
change signab sent to the osciliator are stored aiiLi i'lnal^'zed by ihe 
memoi^' and a^ngprfedictlort algorithm. 

substantially change during periods when ihe oscillator is 
not powered. 

Normal Operation 

Normal operation of the IIP timing modules involves initial 
acquisition of four or more GPS satellites to accurately 
detentiiae the geographic position of the antenna. Initially, 
the timing module uses a short time constant to conti^ol tlie 
oscillator. Tins facilitates accuiate time setting of the niodule. 
Following a series of checks of tlie overall operation of the 
module, the time constants mcrementally increase to their 
final values. This usually takes from 2 to 18 hours. At this 
point, the titning module is fully functional and meeting all 
of its spt^c ill cat ions. 

Willie still locked to GPS, HP SniartClock technology in the 
timing module stalls learning the characteristics of the in- 
tenial precision oscillator. The learning algorithm requires 
two full days of data to eiisure tliat an adequate deterniina- 
tion of the aging can be made. LeaiTiing never stops as long 
as the tmit is ptiweretl and locke<l to GPS. Data fiom the 
most recent 48 hours is stored in RAM. Older data is dis- 
carded. 

While locke<l to GPS, the module shares the long-temi stabil- 
ity of GPS. Short'tenn, the tlnnng module stability is directly 
controlled by the short-term stability of the oscillator iLSed. 
A typicd 5>ialnlity cmve is shown in Fig. 11, 

Frequency accuracy is essentially independent of most of 
the errors discussed above. The nnl|jiif of a HPH engine is a 
1-pps signal. This is compared directly to a similar I-pps 
signal derived by direct division of the oscillator signal. The 
comparison is niade using consecutive 1-pps signals. All of 
the 1-pps signals from the (iPS engine aie alfected etinally 
by all of the error ternLs meniioned aliove. Therefore, to first 
order, iill of the eiTors disciLssed abo% e cancel. For avei'agiiig 
tJmes greater than 24 houi^ (86,400 seconds), the frequency 
accuracy is belter than 1 x 10 ' -^^^ 

For the same reason, timing stability is essentially indepen- 
dent of the errors discusseti. Hnwever, tuning acc^uracy is 
directly affected by tlte en'ors discussed previously. Assummg 



Universal Time Coordinated (IITC) 

A a3fTtinuing mi^onceplion is tl^at the GPS system presents a timing 
signal that is always direcily related to Universal Coordinated Time or 
UTC- UTC is a global calleaion of higfiiy accurate atomic clocks and 
astronomical observations, coortiinated arrd msintstned by the Bureau 
Intefnational Des Poids et Mesures |eiPM( in Paris, under the Intema- 
ttonai Treaty of the Second (Rg. 1|, Many GPS receiver sf^ecificaiion 
sheets state that the receiver is accumte within 1D0 nanosecoods of 
JTC. The problem is that Ihe timing accuracy of the GPS system, or GPS 
time, is controlled by the Uofied States Nsval Ot^servatory iUSHQ] USNO 
is a major contributor to the BIPM time base. The Naval Observatory has 
the charter to maintain the GPS system to within 1 microsecond of UTC. 
During the past year, the standard deviation of GPS time with respect to 
UTC was less than 10 nanoseconds, The obsefvetion is that mo$t of the 
time, GPS time is very near to UTC time, Howe vet, this can be chatiged 
by the USND as military needs dictate. 
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Fig. 1. Component clocks in the BiPM time base. HP clocks represent 71 % of 
tiie clocks (OSA and FTS are other cesiurn standard manufacturers) and over 
B2% of the weight in defining Atomic Time inter national (TAl), the si?e of the 
second in the UTC time base {from reference L 12/28/95.) 

Reference 

1 Bureau InternatiDnsI des Poids et Mesures. Circuiar JBuifem issued every 
two months. Paris, frame. 
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Fig. 11. Find I ,\lian varlaiife uf the SA nitertH] tinie flifff^rence data 
jiieLisiirtxi by an UP ij9G51A GPS measuremtaits synchronization 
mr.xinle. 
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Fig. 12. 1)u"oct iiieasiirf^iiionT of 
[[tr^ l-ppHUiitput of the HP 

dironizalioii module against the 
USNO master clock. 



that all of the user-c^ontrolled errors (Table I) me iiegUgii)U\ 
HP SitiarK^lock (imiiig modiilps with quaitz ost'ilialois 
achievf lijiiijig aci urades better i I lai^ 110 nanoseconds at the 
95% level. As i:m exani]jle of ttiis. Pig, 12 shows ciala tiikeii 
using an HP 59551 A timing module by the ITniied Stales 
Naval ()bser\^atory. This data was tnken using a dh'ect 
nieiisurenieju beiween the VSW) nuister elock aiu! I he 
1-ppfi output of tile HP 59551 A. The peak-io-jienk deviatkin 
is 100 nmuKseeonds. The avenige uffset is 2() nanoseconds. 
The offset is the result of a Ifrnanoseeonfl reeeivertinie 
bias and a known offset of Gr*S froin the tlSNt) master 
clock of another 10 nanoseconds. 

Negleeting llie G!*S-tTTC (l^SNO) offset, over this period, 
the timing module easily met its timing speiification of 
± 110 nanoseconds. Actual data showed that compared to 
the master clock, the timing module was within le^ss tlian 
± 70 mmoseconds, with an rms Jitter of IB. 7 nanoseconds. 
Tlit^ maximum de\1ation of tbt* 1-pps signal was less than 
6 uiuioset'onds over ^my one-minute period. The standard 
deviation was less than i.8 nanoseconds over any one- 
minute period. 

As deteiTuined from the l-pps data, die 24-liour average 
frec[uency offset was 4.6 x 10" ^*^. 

Holdover Operation 

Occasionally, the GPS reference signal is not available. The 
antenna may become unusable because of weather, broken 
or damaged cable, oi' other causes. The receiver n^ay lemt>o- 
rarily lose track of the satellites. The satellite system may 
receive a bad data njiload, or otherwise be unavailable bt'^ 
cause of militaiy needs. Wiatever tlie cause, dming loss tjf 
the reference, a< -cur ate timmg signals must still be generated 
and used to control customer equipment. 

During the loss of the reference. HP Smart Clock uses all of 
the data leimied previously about tJte oscil latter to coiUrt)! 
die oscillator to miiintain all tinimg outjiuts at essentially die 
sanie level of precision as that obraiaied \\bile locked to the 
referenc'p. This fomi of operation is called hokhuer. 



A control loop tracks temperature changes in the module 
and comi>utes the en rrect rsflsds for the oscillator to remove 
tenujeralure effecls. Anollier U>op tracks elapsed time and 
e^jnipules addjti<.»nal offsets ft.>r tlte oscillamr to remove any 
aging effects, Odier loops contituie to monitor the GPS en- 
ghie to detennine whedier t^onnal operation can be resumed. 

Normal specification requires that dining holdover, the mod- 
ule maintain frequency accuracy to better than 1 x 10~ ^** 
and accumulate timing erroi^ no greater than Sj5 itiicrosec- 
onds for the fii-st dny of holdover, after thi'ce days oj' leaniing 
time. Actual pt^rfornuuice is highly deperident ot) the overall 
length of leaniing titne available l>efore holdover The longer 
the leaniing peiirxl, the more stable the oscillator, and the 
1 1 lore at ■<■ 1 1 r'ate 1 h e i j red 1 ct ion , 

Fig. 13 illustrates the effects describetl above. In diis case, 
the value plotted in hght gray is tlie electronic frequency 
control signal dial steers the oscillator. 

This unit had previously been operating for several weeks. 
At the start of tlus test, we cleared the memory of previously 
leaiTLcd data, dien started the (jscillator releanung. At the 
end of day 3, we retrieved all (jf the ieamed data including 
the predict4?d future perfomiance of the unit. 

During the next three days, we conit>ared actual operarion 
(the light gray cuj'v e) to die predictefi operation (tlie dark 
cur\^e). In our experience, this becomes tlie most acciuate 
w^ay of detennining the quality of the prediction in jdl cir- 
cmiistances. We could sunply disconnect the antenna, then 
watch w^hat happens. However, it becomes difficult to deter- 
mine the cause of any unexpected lime or frequency error. 
The data shown in Fig. 13 is a more accurate second-to- 
second picuire of overall i>erfonnance. 

Compaiing at^tual to jire dieted performance allows an easy 
detemiination of Lioth the expected frequency offset and 
accumulated timing eixors. The assumption is that botli 
were peifect at the stad of tiie comparison. 
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Tig* 13, Exajnple of holdover 
showing eii\;1ronmentil pfTprts. 



The data shows a cMumal variarioit caused by changing tein- 
perature. The tmit was operatpd in a normal room emiion- 
ment. Dining the night, the room s chmate control was 
turned off, causing a decrease in room temperature. Tlie 
large dip in the curv^e at the start of the experimeat marks 
the start of a weekend, when a nnich larger temperaiture 
change was seen. 

Computed values show that at the end of day 4, the first day 
in simulated holdover, the frequency error was 2.04 x 10" i^ 
and tlie accumulated time error was 1.74 microseconds. 
At the end of day G, the third day in simulated holdover^ the 
frequency change was 4.07 x 10 ~ ^* and the time error was 
7.5 microseconds. 
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The Third-Generation HP ATM Tester 



Breaking away from the traditional bounds of transmission and protocol 
analyzers, the HP E5200A broadband service analyzer redefines the way in 
which the interactions between protocol layers at multiple points in the 
network are analyzed and presented, leading to the new concept of 
service analysis. 

by Stewart W, Day, Geoffl-ey H. Nelson, and Thomas K Cappellari 



The HP Eri200A brQgd|p^ senicp anal>^zpr (Fig. 1) is 
Hewlert-Pac'kanrs llrifd^neration of ATM test eqiiipnienc, 
focusiag ill particular on the analysis needs of ATM service 
deployment 

HP s fii-st-generatlon testej* was called the Series 90. ft com- 
bined extensive SDli/SONKT irjin amission test capaliilitj^ 
with the world's llrst ATM (esl capaljiiily. Tiie adtUtion of 
Mglier-layer protocol it^siirig arKl more complex ATM confor- 
mance testing resulted in the secoivtJ -generate on HP tester 
called the Broatll^mid Series Test Sys(em ( BSTS). 11ie 15STS 
liiis lieen involved in alino.st evei^ tniyor ATM Ileld trial 
around the world. 




Fig. 1. Xlie HP EO^iKJA br(:jaill:iand sem<^e analj^er irnjjjpment.s the 
new concept of service analysis, [nccirj:»orattiig harchs'are, software, 
and Lisabitily advanties ainied specific-ally at Tesiin^ ATM services. 



Now that AT]^I is progressing from the eaiiy fiekl trial phase 
into tjie cleploymetn of revetiue generating sei\ic*es. the re- 
quirements for ATM test equipment have c hajiged. To meet 
these requirements^ HP's Ansrraiian Tel erotumnni cations 
(!)perai io 1 1 1 las de vel <^ [ >e r I the ccjri ce [ ) i of ,s c f / > i ce a 1 1 a lys is. 
Tlie HP K5200A broadband seivire analyzei' irnjjlements the 
senice ar>aly.sis ronrept, incoiporating hai xiwaie. software, 
and u.sal>ihty atlvances aimed specifically at testing ATM 
senices. 

Market Evolution in ATM Testing 

HP has been develoiiiug test equipment for ATM since this 
t ec h 1 1 o 1 < >^y ft i st start ed to gai 1 1 ; it ( t » \) Tan vv in !*' 1 1 ru | >e in I he 
mid-lll3()s (see Fig. 2). li was at this point ifuti the industry 
stmled tt) see the potent id for an hitegraied jniblii^ hroa<l- 
bantl network htfrasti^ictiu'e. the Broadt>and Integrated 
Semces FJigital Network ( B-LSDN), 

HP fij^t becatiie involved In ATM testing hi K*88 when a team 
from the HP tiueenslerT>^ Telecomnumicaiions DKisioii 
(QTD) in Scotlaufl joined a EurtJtjemi C'omnmnity research 
program calle<i FLAC-E ( ReseiU'ch into AtKaiuvfl Commu- 
nications ui Europe), The team joined a RACE project called 
PARASOL, which was a precompetltive coUatjoration be- 
tween I iP antl research teams from a number of other Euro- 
pean organizations. These organizations included a cross 
section of public telephone senice providers, network 
eqiiHmienl majnifactnrers, universilies. aivd specialist soft- 
waie houses. The [jiiiuMry goal of die i>rojet i was to re- 
search the test ami nierLsurement requiretnenis of BdSIlN 
equipmeni and networks l>eing developed liy otlier RACE 
I projects, and develop a test tool to support this work and 
\ ei'ify its oiieration. A gieat deal of knowledge and ex^ieri- 
ence vvjis gained by all parlies and a juototype prodnci ful- 
filling ttiese needs was developed ^md used successfully. 

By the end of the PAR ASOL project in 1992, however, it had 
become ob\'iotJs that ATM was gaining worldwide accep- 
tance. The ATM Foniin \\;ls fonnuig and a competitive ATM 
markett>lace was taking shape, Tliis macie c ontinuetl coUab- 
oration Luifeasible for HP Therefore, in lale 1992. HP's Aus- 
trahtu^ Telecom Operation (ATO) latmched the world s first 
commercial ATM test eQuipment, tlie HP 75000 ATM Senes 
90. Tliis tester was b^isefl on the higlily successful Series 00 
SONEIVSDH MM) tester^s luid primaiily allowed iihysical 
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Glossary' 



The following are definitions of some of tl?e terms used in this article. 

AAL ATM Adaptaiion law Tlis ML translates ssn/ices from theif 
m(\ve formal, such as variabie-length frames. inUs f ijeed-siZB ATM cells. 
It returns the service data to its original form attfie destination 

ATM. Asynchranous Transfer Mode. A transmissian technology that 
provides high bandwidth, low delay, packet switching, and multiplexing 
Usable capacity is segmented into ATM cells that are allocated to ser- 
vices on demand, ATM is designed to handle a variety of service types, 
such as data, voice, and video 

BECN. Backward Explicrt Congestion Notification. A bit in a Frame Relay 
header that indicates that frames transmitted on this conrrecUon may 

experience congestion [backward notification of congestion}. 

BITS Source. Building Integrated Timing Source A reference clock. 

tvptcsily distributed throughout public networks, that is used to synchro- 
nize neiwork elements. 

Cell. ATM cells iiave a fixed siie of 53 bytes. They consist of a B-byte 
header that canies routing infofmetiDa and a 48'byte peyload that car- 
ries service data, 

FECN. Forward Explicit Congestion Notificatfort, A bit in a Frame Relay 
header that indicates that the current frame has encountered congestion 
over the connection (forward notification of congestion). 

Frame Relay. A variable-size packet service operating from 5B icbits/s to 
2 Mbtts/s. Frame relay can efficiently transport high-speed, bursty date, 
hut does not support services that are highly sensitive to transmission 
delay (such as voice). A number of Frame Relay services can be multi- 
ple)(ed onto a high-speed ATM connection. 



LAN. Local Area Neiwork A shoft-distance data communications r^t- 
work, tvpically widiin a building or campus. A LAN service can be trans- 
ported drrecily over an ATM connection or a lower-speed WAN i^rtol- 
ogy sufCh as Frame Belay or SMDS 

Multiplexing. Mergmg several diffefeni signals into one source and 

separating them at the destination 

PCR. Peak Cell Bate. PCB is one example of a traffic parameter Sfi^i- 
fied in a contract between an ATM network operator and a customer As 
long as the customer's sen/ce does not exceed the specified PCB, it 
should not incur any cell loss. 

SMDS. Switched Multtmegabit Data Sen/ice. A high-speed, public, 

packet-switched data sen^ice. SMDS extends LAN capabilities over 
Wider areas. A number of SMDS services can be mulhplexed onto a 
high' speed ATM connection. 

Stratuni-3 Reference. A highly accurate and stable reference clock, 

used in network equipment and communicattons test equipment. 

SWG, Sub-Working Group. A group of people within a standards orga- 
nization who propose new standards or recommendations. 

VC, Virtual Circuit, An ATM connection between two endpoints. identi- 
fied by a VPl/VCl. 

VR Virtual Path. A collection of virtual circuits, grouped together for 
routing purposes, sharing a common VPL 

VPI/VC!. Virtual Path IndentifierA/irtual Channel Identifier. A field in the 

ATM cell header that provides routing information. 

WAN. Wide Area Network. A network that operates over an extended 
geographic area. ATM, Frame Relay, and SMOS are examples of WAN 
technologies, 



layer and ATM layer testing at 0C-3/STM4 rates, followed 
soon after by DS3, The Series 90 is essentia] ly a tiaiisniis- 
sion system tester with detailed SDHASONET overhead test 
features. Subsequent ATM developments arldt^d concate- 
nated payioad capabiliry at 0C-12c/STM-k- rates and, more 
recently, OC:48c/STM-li3c rates, maldng the ATM Series 9D 
the world's only real-time ATM tester at 2. 188 Gbit-s/s, 

The AT^l Series 90 was a great success, helping HP to build 
strong global relationships with key ATM customers. It soon 
Lvecaine cleiir, how^ever, that with the speed of technological 



developments in ATM, there was a strong reqtiirement for 
features beyond those that the Series 90 coitld support. TIP's 
Idacom Telecom Operation (ITC) ) in Canacia had been devel- 
oping WAN testers for the X.25, FVame Relay and SMDS 
standaids. With ATM also beiJig their next step, it was de- 
cided to combine ITO's higher-layer protocol expertise with 
ATU's expertise in ATM transport anrl develop a dedicated 
and extremely pow^erftil ATM tester. The resultant Broad- 
band Series Test Sj^lejn (BSTS) was a success in tlie Ri&I) 
ATM test mm-ket from late M*3, gaining miiversal accept^ice 
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Fig* 2. HP involvement in 
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Fig. B. Plow control across protocol layers* PCH stands for peak 
cell r£i(p, 

as the teferent^e tester for ATM (levelopnier^ts with aJnit>sl 
eveiy telecom operator and network e<iui[Hnent niarnifac- 
ttirer tlirouglKHit the worlrl Today, the BSTS eontinaes to 
lead tiie way hi UM) ATM test witli support, added lor con- 
formance test suites and now MPEG'2 video over ATM. 

With ATM starting to move out of the E&D lab to etirJy fieki 
trials iiJid carriers tlnoiigliout thc^ world announcing plans 
for conimercial ATM deployment, 1 11^ again saw the need to 
develop test equipment t^irgeteti directly at tliis new jjliase of 
the ATM life cycle. ATM features have been added by the HP 
Queeasferry Telecom Operation (QTO) and tlie HP Cei;jac 
Telecom Operation (CTO) to thehMransniisslon tesi inslni- 
ment.s for use in installaiion and inainlenaJu.e <jr the core 
network UdVastrucluie, and die HP Colorado Oonuuunica- 
tions Operation ( CC(J ) has added ATM to their advisons tor 
LANAVAN interworking. 

To address the speed and complexity of ATM service deploy- 
ment fully, however, it w;is felt necessary to break a%vay 
fron^ the uaftitional hounds of transniission anci protocol 
analyzers. By redetining the way in which tlie ititeractions 
between protocol layers at multiple points in the network 
are analyzed and presented, the concept of sendee analysis 
was bom. It is this oiitiative that has led to the HP E5200A 
broadbtmd service analyzer, the tliird generation of ATM test 
equipment from the ATO and HP. 

Defining the HP Broadband Service Analj^er 

As ex]3lauied in die accompanying aiticies, the HP E5200A 
broadband service analyzer has pioneered several technical 
advances within Hewlett-Packard. It has also pioneered 
some key strategv^ and process initiatives, particularly in the 
area of direct customer invoh'ement in the eaily stages of 
product definition. By targetmg specific strategically impor- 
tant customers through intimately mvohing theu' IIP sales 
engineers in rhe product's definition and development, it has 
been possible to build ver>' strong relationships between 
customer's, tield, and facton^' and to ensure tliat a eontmon 
miderstandmg of the issues exists througlioui. As described 
in the article on page 88, graphical user interfaces for ATM 
service analysis were extensively iisaliility tested on real 
users, whose feedback helped significantly to shape tlie 
design and gave them a feeling of real ovviiei sliip m the final 
product. 



What Is Service Ajiaiysis? 

Broadband networks are complex to manage. To provide 
customers with the quality of service tiiey expect, ATM ser- 
vice providers need to understand the interaction betw^een 
services, protocol layers, and equipment. Service analysis 
allows service providers to manage tiie end-to-end quahty of 
broacihand services effectively Ijy showing the unpoitant 
iniera<1iorts between the elements of tJie service, such as 
location dependencies, protocol layer interactions, service 
interference, and elemenl mteroperabihty. 

The need for service analysis is best untlersl^iod by lotjking 
at a few examples. 

Example 1: Flow control across protocol layers. Consider an 
applicalion in width I wo l^ANs ( TCP/It^ ) located in different 
cities are mtercoimected by a WAN teclaiolog> (Frame Relay) 
which is in turn interconnected by a high-speed ATM back- 
bone. In Oiis situation, ihere will lie tl^ree completely indo- 
pendent Oow control nR^ciiajiisms operating at rlie TCP/IP, 
Fnmie Relay and ATM lyyc^rs ( Fig. 'S ), If Ehe ctistomer were 
to complain about low tluoiighiMit. it would be hnpossible to 
find the cause of the problem withottt observing ail protocol 
layers and the way tlieit^ tlovv contiol mechanisms interact. 

Example 2: MPEG video and ATM traffic policing, MPEG video 
over ATM presents sijccial testing pioblcms, t>articularly 
when uitcractions v\ith T(.'P/TP are inv olved. Excessively 
bm'sty traffic introduced by layer interaction causes PCR 
(peak cell rate) vioJatloas, which when policed at the ATlVl 
layer cause video to freeze (Fig. 4). 

Example 2\ Bit error multiplication and cell loss tyranny. Consider 
a sim|jle FDDl interconnect sei'vice rumiiug over an ATM 
backbone. Because error correction is handled by the higiier 
protocol layers, data services are especially sensitive to cell 
loss. In this example (Fig. 5 J, two bit errors in the physical 
(transport) layer cause an ATM cell to !>e discarded. This \n 
turn causes an entire SOOO-byte FDD] frame to l>e retra^is- 
mitted. Tlie net effect is that two l>it errors cause ati addi- 
tional 16? cells to be transmitted. In a usage billing scenaiio, 
this becomes very expensive. This effect, also known as cell 
fo!^s tyraimy, can result in a downw^aid performance spiral. 
As frame retransmissions increase, ATM layer congestion 
may occm; causing more ceOs to be lost mid frame retrans- 
missions to increase ev^en fiirther. To isolate the cause of 
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Fig* 5. Bit arror multiplication and ceU loss tyranny. 

high frame retrartsniission rates, tesling must be performed 
across all protocol layers. 

HP E5200A Broadband Service Analyzer Overview 

Tlie HP KrjJOoA Ijioadbaiid senice anjiiyzer is a powerful 
and flexible tool designed to: 

• Assist ATM equiptnetu and senice installation 

• Minimize troublejshootmg lime 

• .^sist in meeting service delivery leqiiirements 

• Test the latervt'orking of broadband services 

• Ileip manage the perfomaartce of broadband networks 

• Assist in guaranteeing end-to-end quaJity of service, 

Tlie broadband senice analyzer puts users in control by 
providing ser\1ce-fociised measiu'ement.s. It allows users to 
deal with the praclical realities of building, operating, and 
nia:aaging broadtjajid networks Jiiid b> achieve cnd-to-tmd 
service quciiity. By using tlie broadband service analyzer, 
iisei-s caji be cr^nfidt-nt that a rustoriH'r s services are operat- 
ing reliably and lliai (liey can manage the services to main- 
tain a high level of performance snd reliability^ 

The test capabilities prov kle the infomiation needed to 
determine the health uf a network at all layers <jf the ATM 
protocol stacks from the physical layer right through to the 
AAL (ATM adaptation layer) and above, ft can decode LAN 
protocols nmning directly over ATM or running aver ATM 
via F'rame Relay. It caii quickly determine how a customer's 
servic^es are perffirming. 

System Configuration 

The servit e iuvalyiicr consists of four mtyor elements: 

• An intelligent base unit that houses the measurement 
system hardware and software 

• A choice of intcrcluuigeable line interface modules 
(interface pods J 

• A choice of applii al iuJis that sujjport analysis of iiigher- 
layer protocols aiid remote testing 

• An X display terminal such as a notebook PC or a UNIX* 
workstation. 

The service analyzer can be expanded and updated in tlie 
Held as new appliciit ions ^n^e d(»velo];H*d. The compact size of 
llie unil means liiat it can easily be (*anied onio ati aircraft 
as hand luggage. 



Hardware Arehitecture 

The broadband senice anaJ>*2ers main hardwan? processing 
comes from 17 Xilinx XC4013 FPCLAs incorporating approxi- 
mately 22 LOGO gales. Three i960 RISC' processors are used lo 
coniiTol the statisDcs processing, protocol processing, and 
display graphics and a SOO-ilbj'te hairi disk drive is included. 
The niAJor fictional components are shown in Fig. 6. 

The line interface pods contain tJie Une interface cijcuitiy 
for each interface v^lth capabihties for hot msertion and 
autoconfiguration. line interface pods provide physic^ layer 
transmit and receive functions and t^t capability. 

The three CPUs are on the main CPU card. The graphics 
CPl' re^qjonsibilities include running die X-Wmdows host via 
the LAN interface* handling I/O, and inierfacLng to ihe hard 
disk drive. The protocol C'Pl- interfaces with the instmment 
hardware, controUiiig !he tnii^sniii and receive functions for 
both ports and perform big liigher-layer processing of the 
data. The statistics CPU performs the reabtime measure- 
ments for the link and channel monitors of both ports. 

The capture/playback subsyslem controls the 16M bytes of 
DRAM, partitioning it betw-een the t\^^o ports as required, 
adding receive timestamps, and controlling ti'ansmit play- 
back. 

The traffic generator controls the daffic simtilator and die 
alarm and error simulator functionality. A transmit cell 
sequence can contain up to 1500 cells. 

The link and channel monitor p erf onus real-time processing 
on up to 1024 different received cliaimels on each port wiUi 
deletTiiination of cell coiuits, AAL type detection, error sta- 
tistics, and reassembly statistics. 

The event/action machine provides trigger event detection 
and subsequent analyzer action control. 

The clock subsystem provides the clock signals for the dif- 
ferenf elements of the analyzer. Clock sources that can be 
used include an internal Stratiuii 3 reference, a BITS soitrce, 
or external I/O clock sync. 

Software Architecture 

Tlie ijroadbarul senice anal>"/ier's soflwiwe is designed with 
object-orieMted techniques using managed objects (see 
aaiicle, page 74)."VMnle ibis increiised the initial develcjpment 
time as new techniques w<'re leamt^d. the use of object- 
onenied tecbnologj^ will make it possible to add future 
cithancements tUitl new applications much more effifnently 
and flexibly tJian if traditional software design hatl l>een itsed 

The software architecture (Fig. 7] is based aroimd several 

dLstinct functional subsections: 

The a]jplicatioii presentation subsystem provides the 

graphical user interface. 

The mialyzer subsyslem provirles SMARTlests, the TCL 

(Tooi f:ommaJKl I.^iguage} user scripting envir*>nmetvt, and 

BSTS LTPE (user programming environment) compatibility. 

The protocf>l supporl subsystem provides protocol iuialysis 

iuid PHI' (prtJiocol data uiulj segmeniailuji, reassembly, 

and filtering. 
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Fig. 6. Broadband semce analyzer lii^nUvan? arc hftectiire* 

The measurement and control subsystem provides control 
of the measurement hardwaie. 

Tlie infrastructure is based on the VxWorks real-time operat- 
ing system and includes elements to peif onn basic comput- 
ing, platform services, operating suppoit, and user interface 



services. The GUI is based on the X Window System, allowing 
control via the LAN connection from any X tenniiml. 
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Broadband Service Analyzer Features 

The analyzers powerful real-Unie measurement sysieni 
allows users to pertbnn extensive real-time rneasurenients 
aiid ijistajitly get reports on th^ status of broadband services. 
Link aiiti liiminel infotTnarion Ls iipc tared rn deterniinei 

• Active \'f^l'\ CJ ( li:iitnels 

• AAL Type iinci errors 

• Network utilization 
» Network errors 

• Network alarms 

• CeU counts. 

Measurements can be correlated to identify importaitt inter- 
actions Ivetween the layers of the hroaribaiKl protocol stack 
and atiy interference between tndj\'idual services on differettt 
ATM channels or on different pons. 

Customers are geographically dispersed, and there is a need 
to be aijle to guai'aniee the end-to-erici tiuality of Tlieh* servlsv, 
Tiie distributed object measurement te<;hnolog>' of t lie broad- 
band service imal>7,er makes remote ntea^urenHmts a iHJnnal 
mode of operation. Coupled with the ojitionaJ HP Broadband 
Launt'h Pad softw^are application^ access and matiagement 
of nmltiple service a naly;fien> distritmled Ihrcnighout the net- 
wnrk is jjossible. This helps reduce ihe <t>sl of matiagin^ 
broadband networks^ iminxn'es t!ie speed with which faults 
are isolated and re]j;Uredf iind prfjvldes a single consistent 
set of tools for both iTmr>te m\d disi)aicbed applications. 

The service anaij'zer's graphical user interface can be used 
by people of all skill levels. The measmetnents macie by the 
servic;e anal>^cr arc displayed so that they are easy to inter- 
pret. Users can quickly and easily see what is ha]>pening to a 
rustomer's senicc and make an informed rlccision on the 
apjjrnpriatc* aclion to take. Link atid chaimel monitoi^ guJcie 
users through tlie service analyzer's extensive monitoring 
capabihties* directing the user to the problem areas. 



Testing Made Easy 

Testing is made easy with the broadband service analyzer, 
as ilhistraied in Fig. H. The user sunply connects the ser\it e 
analyzer to a network and the link monitor inmiedialely 
ghes a summar>^ of the health of the network. To look more 
closely the user can select a chamtel monitor lo obtain a 
gi-aphically conclated view trf the mciisurenu'^nts rele^aitl to 
a particular channel Lasers can immediately see whether 
service level problems are related to problems in the other 
layeiB of the protocol stack. 

A range of predefined SlV'LARTtests reduce tlie complexity of 
perforntuig impoitant tests such as ceO loss iind ceU delay 
Testing can be started rapiidly with one or two clicks of the 
mouse. Users can alsc3 create theu' own tests by using Uie 
macro programming function of the service analy/sen This 
fi.mction provides a record/playback system that creates test 
progran^ by automatically recording the results of actions 
on the service analyzen 

Tlie semcp anal>i!er*s sophisticated traffic simulation and 
data captLU'e systems enable usei^ to u\iect tlatii into the 
network to exercise Ihe network' s caijabi lilies, simulate 
s]iecific problems, and dien analyse the results as data is 
t^ap tared- 

"^Tlie service analyzer's flexibility is further enhanced by the 
wide range ol' intcifaces its plat form can support, inchiding 
El. E3, DSl/DSa OC-3/STM-1. (H'l^^/STM-l. 6;J-Mbit/'s, and 
15i>Mbit/s coaxial. Available immediately are OC-il/STM-! 
singie-mode and mulllniode optical, STM-J/STS-Sc electrical, 
m, and DS1/US;J interfaces. 

UHIK \& a reg^ster^ tmdemarft m the United States sn6 otti^r countries, iicansed eKcbs^veiy 
thmugh X/OpeJ^ Companv Li mi ted 

X/Open is a registered uademark and th^ X devica is a trademark Df X/Open Company Limfted 
m the UK and DTher codntrtes 
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Managed Objects for Internal 
Application Control 

Managed objects are fundamental to the software architecture of the HP 
E5200A broadband service analyzer Typically used to control remote 
network elements, managed objects are also used internally by the 

service analyzers application to control application objects. 

by John R Nakulski 



A managed objed is a software abstraction tliat acts as a 
proxy for a real objeet. It is used by remote clients, such as 
objects ill other threads of execution, or on remote hosts. 
Managed objects are often used in network niaitagement 
applications to enable control of remote network elen\ents. 
For example, a router or ST^itcli might offer a managed ol]»ject 
interface to enable remote configuration ai\d monitoring from 
a central network management system. 

In the HP E 5200 A broadband service analyzer, managed 
objects are used in a different way. The service analyzer's 
application uses managed objects internally to control appli- 
cation objects. For exannple. a CelfLossTestlVIO managed object 
is used to control the ser\'ice analyzer's CelJLossTest object. 
An interface to the same managed objects is also available 
,to extemtd users. 

Besides being fundamental to the senice analyzer's soft- 
ware architecture, managed objects have proved useful in 
otiier ways, includmg: 

• In the decoupling of the user Interface 

• As the foundation for a command line interface 

• hi the development of a macro recording facility 

• For backward contpatibiUty with a programmer's interlace 

• In the unit and regression testing of software components 

• For the simultaneous control of several remote sendee 
analyzers for distributed testing of biTiadband networks. 

Remote Object Communieation 

Tiw sei-vice aiial^iier contiuiis tliree Intel i960 microprocess- 
ors limning Vx Works— a light-weight, multithreaded operat- 
ing system. Each processor rmis several threads of execu- 
tion. A layer of software caMed object trfmsport provides an 
Liileiface for streaming elemental (ijpes benveen Threads of 
execution on tlie same i>n>cesson between processor on 
ttie san\e host, and between hosts on tlie same network (see 
Fig. 1). Elemental types include integers, floating-pomt 
numbers, characters, strings, and a few classes such as PDl" 
(protocol data unit ), 

Remote object communwution is a software layer built upon 
object transport that makes object services a^ ail able to re- 
mote clients. l;smg a prox>' object, a client object cim iin-oke 
the member ftmctions of an object in artother tltread or on 
another host almost £is easily as calling member functions of 
objects local to its o\^m thread (see Fig. 2). Of course, each 



fteinote Obiect Communtcati on—access to remote ohjacts via pmxy ohjecu 



QbJGCt Transport — streamrng fif e I erne rttal types 



Communrcations layer — connectjon-ariented cammifnEcatioTis services 

¥ig. L Layered commurucation architecture of thr HP E520()A 
i J roR d ban d service analyzer. 

argument of the member functions must be an elemental 
tyr>e. 

Objects, Attributes, Agents, and Managers 

A managed object softwaie layer builcis upon the remote 
object cojnmuiiication layer to pro\1cie a dynamically dls- 
coveral>le soH ware interface. The interface consists of 
named managed object s^ each containing a set of named 
artrihutes. While ir is runtiing, an application can be browsed 
tlirongh this interface for a list of its managed objects and 
their attributes, each of which can be accessed by name. 

A managed object^s executable attributes, which can be in- 
voked by nmne, enable remote execution of an object's func- 
tions. For example, the service analyzer's CellLossTest managed 
object contains an attribute named start which nms a test 
that measturcs loss of ATM (Asynchronous 'IVansfer Mode) 
cells. A managed object's data attt-ibutes, which can be read 
antl wTitten by name, ty]iically mirror the state of the object. 
For example, the CelltossTest managed object has an attribute 

CKenI Tfifead ' Remote Objects Thread 
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Fig, 2« Remote object c-omniunieaiion. 
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Fig, 3, Maivaged object coimnimication. 



named ceHLossCountThfeshald, which represents the number of 
cells that can be lost before tlie ceU loss test fails. 

Each tliread ttiat contains managed objects also contains a 
managed object agent, which is responsible for di^atching 
inward communications by calling the desired function on 
the specified managed object. Eacli thread that uses man- 
ned objects contains a mamtged object nmmiger, w^ch is 
responsible for finding and communicating with managed 
objects in remote threa<ls and on remote hosts. Tliese dis- 
tribtited managers and agetiis cooperate to provide chents 
with a single, unified \1ew of managed objects (see Fig, 3), 

Automatic Code Generation 

Each of ;ui aijplication's rnariaged objects is specified hi a 
langiiage-independeiu managed olyjeci dejiuitioif (MOEt) file. 
A MOD file specifies and documents tlie public interface to 
a managed object. An example of a MOD file is shown in 
Fig. 4. 

After a managed object is specified, the developer uses a 
customized Interface Description Language (IDL) compiler 
to parse the MOD file /Pi lis produces C++ code for i\wfronf~ 
end liass (useil by the cUeni of the managed object to en- 
capsulate the behavior of tlie remote managed object ) and 



tincltide <eleiiientalTypeB , idl> 

interface CellLossTeet { 

attribute AtoUIntl6T tranflmltVpi; 
attribute AtoOlntieT recelveVpl; 
attribute AtoUtntieT transmitVcif 
attribute AtotJIntl6T receiveVci; 
attribute AtoOInt32T durationThreshold; 
attribute AtoFloat64T cellLoeBRatioThreshold; 
attribute AtoUInt64T cellI.OSSCo\mtTiiresbold; 
AtoStatusT start ( ) ; 
AtoStatugT stop f ) ? 
AtoStatuaT getResultSet ( 

out CtsPassFailReaultE paa&FailResult, 

out AtoStringT testReaeon, 

out AtoUInt32T elapsedTime, 

out AtoUInt64T trarLsmitAverageBaudwidtK* 

out AtoUInt64T reoeiveAverageBandwidth^ 

out AtoUInt€4T cellliOsoCount, 

out AtoFlDat64T GellLossRatio) ; 



} 



Fig. 4. An example of a riianagc?d obtject definition (MOD) file. 



skeleton C++ code for the back-eiid class (the managed 
object itself), which the dev^eloper must complete. 

For esaniple* to use the CeHUjssTest object from another ibread 
or another host» the client would construct an object of the 
compiler-generated CeiitossTestFE (front-end) class. This oEFers 
member functions for invoking executal>le attributes (such 
as startll to invoke the start attribute) and member functions 
for reading and writing data attributes (such as getCelltoss- 
CountThresholdO and setCellLossCauntThreshotdd io read and write 
the eellLDssCountThrestioid attribute). Tlie front-end class imple- 
ments all such functioris as operations on the managed object 
manager. 

The thread containing the CelltossTest object itself also con- 
taifis an instance of the compiler-generated CellLossTestMQ 
(managed object) class. Tlie managet! object agent passes 
the incoming operation to the managed object. The develop- 
er needs to connect the CellLossTestMO class with the CellLoss- 
Test class so that iiiconnng requests such as geiCellLossCount- 
TtiresholdO are delegated to t!ie GelHassTest object (see Fig. 5). 
In this simple example, the CeJltossTesiM0::geiCeJlto3sCaufTt- 
ThreshoJdO function hodj' is filJed in by the developer with a 
call to tiie CelltDssT8st::getCe[ILossCountThreshoidf) fmiction. 

Managed object operations aie generally synchivnatis, 
meaning that the front -end function does not return undl 
the back-end object has completed its execution an{i has a 
result available to return. Tlie managed object notification 
operation, however, is asi/nehronous. Clients sitbfirribe to 
a managed object attribute, supplying a callback fmiction. 
WTien the attribute is iriggeiTd, a notification message is 
sent and the suppheil callback function is invoked. An attri- 
bute is generally triggered when it chmiges or is executed. 
For example, the testStatus attribute of the CellLossTest man- 
aged object is triggered when the test is started or stopped. 

Each managed object data attribute must be an elemental 
type. Each elemental t>pe corresponds to eitlier a C++ built- 
in tyix* (such as char) or a hiw-level class (such as Pdu ). 
Developers of a front+:^nd aiJtilu'alinn using anotlier language 
need to port only tiiose low-level classes and types thai are 
not native to the language. 

Reactive Graphical User Interface 

The service analyzer's graplucal user Interface (GLTT) is said 
to be fully decoupled from the rest of the service analyzer. 
lite GUI is a separate subsysten^ (nu>diile) atid nins in a 
separate tliread, and can even mn on a set>*irate host. Other 
subsystems aie not dependent on the GUI; the rest of the 
service analyzer t*an mn without it. 

Client Thread Te^i$ Tliread 



Managed Object 
CommueJcaiJen 



rsstitl = gfliCaJitittiCatinlTlirethatdlBrgl, arql't 





Clieiu 0\ 
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FIif» 5. Interaction of machine-generated objects. (FE = front end. 
MO = martagedcibject.} 



Dropmbi?r 1 99fl Hewk'tt-Pacted JoumtiJ 7 5 



)Copr. 1949-1998 Hewlett-Packard Co. 



Further dccoupOjig is achieved through tlie use of managed 
objects. Every rerjijest from the Gl'I to ajicther object is a 
managed object oj>eration. The GUI uses the notification 
niechanism 1u leani of and react tf> the sei'\ice analysers 
state changes and other e% eiits. For exaini)lei if aJi ATM 
alaniT occurSj tJie GUI is notiiled and updates the state of its 
window. This also allows the Girj to react automatically to 
changes caused by oilier managed object users (such as the 
conimaiid line interface). 

Armed with only the MOD files, a specification of Ihe eie- 
niental t\pes, said a specification of the remote object com- 
munieation antJ object, t ran spoil protocols, a develo]>ei- can 
write a new user inteiface in a different language to rmi on 
a differenr host. 

Command Line Interface 

The design of the service analyzer's coiTimajid line inteiface 
(CIJ) exi)]f>its the fact thai the sendee analy^.er's functionality 
is available tluougli its nianagetl objects. The C\ J plugs into 
the semce analyzer at the managed object interface. Each 
conmiand is inten^reted as an action on a managerl object, 
enabhng CLI users to control the senlce analyzer w ithout a 
GUI 

Tool Command Language (TCL), a public=domain script 
language, is used as the founrlalion for I he CLI TCL is em- 
bedded in the service analyzer and has been extended with 
a few simple but powerful functions to enable access to 
managed objects. 

The moexec command enables executable attiibutes to be 
in%'Oked, while moget and mosst allow the user to read and 
write managed object data attributes. The moist and moattrlst 
commands retrieve the set of available managed objects ^id 
the set of attributes for a specified managed object, enabling 
tlie user to broiA^se the scnice analyzer s ml erface dynanii- 
call>% 

If access to the GIT is not available, the user can log in to 
the service analyzer remotely using a telnet session to nin 
ihe CLI. 



Macro Recording and Playback 

By tapi)ing the commmilcations between the GIJI and die I'est 
of the senlce analyzer at the managed object interface, it is 
possible to w^atch the (il I's interaction with the underlving 
senice analyzer Tins is exactly ho\^^ the senict' analyzer's 
macro feature works (see Fig. 6 J. 

Witm the macro recording facOity is used, a subset of the 
GLTs managed object operations is converted into CLI com- 
mands and is recorded into a macro file. Rii' exaiiii>le, a user 
may want to record a fretiuently used cellLossTest configura- 
tion- When the rnacrt) is played back, it is executed in iitucb 
the same w^ay as a CLI session. K the GUI is active during 
the ])layl>ack of tjie macro, it will respond to ser\ice analyzer 
state changes, allowing the user to watch the effects of the 
macro as it is mnning. 

Since the macro language is identical to the CLI languaig^, 
the experienced user Ciin edit and customize a recorded 
macro or create a new^ macro. For example, a cell loss test 
can be executed ten limes in succession with increasing 
trajismit bit rates simply by wrapping a for loop aiomid a 
recorded macro, using a TCL variable to hold the transmit 
bit rate (see ^'Macros" on page 77). 

LIser Programming Eii\ironnients 

Backward compatibiiily with the HP broadband series test 
set (BSTSj user prograiimimg enxijonment (UPE) is also 
achieved using managed objects. LTE programs, written in Cj 
can be used to control the ser'^ice analyzer from an HP-UX* 
workstation or from a PC by calling functions pubhshed in 
an apphcation prograinmuig interi'ace (API). 

UPE programs are recompiled on the tai'get host and linked 
with a new" set of supplied libraries. The new libraries imple- 
ment each API function by mvoking one or more of the ser- 
vice analyzer s managed objec t operations via a managed 
object mmiager An added Ijonus for users of the new sen ice 
imtil>^/er is the abDlty to control several senice anai>^^ei^ 
from within a single UPE program. 
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Macros 



The HP E520QA broadbamj service analyzer uses TCI ITool Command 
Language), a puliliC'domajn scnpi language, as the foundaiion for its 
command line interface and macro recording and playback feature Ihe 
fc' : mns the ceil loss test sevefal times in 

i 

# This macro runs a series af cell loss tests at 

# increasing baadwidths, 

# 
########################## 

### Initialize inputs 

set vTransmitVpi 200 

se t vTr ansmi t Vc 1 88 

set vReceiveVpi 200 

s© t vRe c e 1 ve Vc i SB 

Bet vTeBtDuration 15 

get vCellLossEatioThreshold 0,001 

### Configxire input parameters 

# Use port A for both transmit and receive, 
moset _Test CellLossTest transmitFort PortA 
moBet _Teet CellLossTest receivePort PortA 

# Configxire transmit and receive channel 

# parameters 

moset _Test CellliOSsTest tranBHkitVpi 

$ vTr on ami t Vp i 
moset _Test CellLofiflTest transmitVci 

$vTr ansmi tVci 
moset _Teat CellLossTest receiveVpi $vReceiveVpi 
moset _Test CellLossTest receive Vci $vReceiveVci 

# Use a 'constant* traffic profile. 
moset _Test CellLossTest traf ficProf ile 

H COKSTAWT 
^ Configure duration of test 
moset Teat CellLossTest durationThreshold 

$ vT e s t Uur a.t i on 

# Threshold on cell loss ratio, not on cell lose 

# count . 

moset _Test CellLossTest 

eel iLossCountThresholdAct ive M _OFF 

moset _Test CellLossTest 

eel iLossRat ioThr esholdAct i ve M_ON 

# Configure cell loss ratio threshold. 

moset _Test Cell Los sTeet cellLossRatioThreellOld 
$vCellLo0sHatioThrefihold 

### Fetch the bandwidth limits for the 
### 'constant' traffic profile* 
inoexec _Test CellLossTest 

getCons tant P rof ileLimi t s 

(vMinBandwidth vMaxBandwldth} 
### Prompt user for the bandwidth step. 
puts "The bandwidth range is $vMinBandwidth to 

$vMaxBandwidtli b/B" 
puts ''Enter the bandwidth step.'' 
set vBandwidthStep [gets stdinl 



### Display cell lose test conf ifftiration* 

ptits** 

Cell loss test: 

Transmit V^Ii $vTransmitVtJi 
Transmit VCI: SvTranEmitVci 
Receive VPI : $vReceiveVpi 
Receive VCI: SvReceiveVci 
Test duration: $vTeBt Duration 
Cell loss ratio threshold: 
$vCellLoBBRatioThreshold 
Min bandwidth: SvMinBandvridth b/s 
Max bandwidth: $vMaxBandwidth b/s 
Bandwidth step: $ vBandwidthStep b/s" 

### Run the test several times, using bandwidths 
### ranging from minimma to maximum using the 
### bandwidth step specified by the user, 
set vTestnumber 

set vCu r r en t Bandw i dth § vMi nBandwidt h 
while {$vCurrentBandwidth < $vMaxBandwidthJ { 
incr vTestnumber 1 
puts "Running test nximber $ vTestnumber 

- bandwidth $vCurrentBandwidth" 
moexec _Test CellLossTest BetCoriBtantProf ile 
$ vCu r r en t Eandw i dtt 

# Start the test, 

moexec CellLossTest start {} 

# Poll the test to see if it is still running. 

while { [moget _Test CellLossTest testStatusJ 
= = "CTS_RUNNI1IG" } { 

# Fetch the interim test results. 

moexec _Test CellLossTest getResultSet 
{vPassFailResult vTestReason 
vExecutionTime 
vAverageTransmitBandwidth 
V Ave rage Re c e i ve B a n dw i dt h 
vCellLossCount 
vCellLossRatio} 
} 

### Fetch and display the final cell Iobb test 
### results. 

moexec Test CellLossTest printReaultSet 
(vResults) 

puts" 
Test number : $vTest number 
Bandwidth : $vCurrentDi splay 
$vRe suits 



# Calculate the bandwidth to be used for the 

# nesct test, 

set vCurrentBandwidth |expr 

$vCurrent Bandwidth + $vBandwldfctetep] 
> 

puts "******* End of macro ********" 
## End of macro ## 



Te*iliiii{ lilt? Service Analyzer 

A fiirthc^r bonus gainod from extc^ndiiig TCTL with niaiiageiJ 
obJK't n>inninii(!^i wan tlu* (Icnplrtprurnt r*f tcltester^ a lual 
used by develoiHTH to U'sl the si'r\i('p analyzer, tcltester 



wraps tliL^ CLl iiilu a staiitlalonc^ applicalioo I hat vim be exe- 
eiitrd on a host, renicjt e Ironi tlie service analyzer imder test, 
Tlie developer cmi enter CLI conmiands iiUerac'li\ cHy to test 
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and debug the service aaialyzer or execute whole CLI scripts 
for regression lesLmg. 

Distributed Test Applications 

Because the service analyzers managed object communica- 
lion layer enables conimunicaUoii not only between threads 
on the same processor t)Ut also between hosts on the sanie 
network, it is possible for one service aitalyzer to control one 
or both ports of a second^ remote service analyzer. A CIJ user 
or a standalone PC application caji control several remote 
service analyzers simultaneously. For example, traffic can 
be iAJected into different points in a network, several net- 
w^ork nodes can be monitored siniiilt.ancously, and perfor- 
mance parameters can be measured and collated across jin 
entire network. 

One of HP's goals is to develop useful tests for the installa- 
tion and commissioning of broadband networi<s. As we 
gather expetience in usinji; llie service analyzei for broad- 
band testing, we expect to develop new^ tests to add to the 
test suites. 

Although we have been closely mvoived with users during 
tlie development of the sendee analyzer, it is likely that users 
will have requirements for distributed tests unimagined by 



our developers. By providing an open managed olyect inter- 
face, users can develop their own broadband test and mea- 
surement appUcations. 
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Developing a Design for 
Manufacturability Focus 



The HP Austral ian Telecom muni cations Operation has rapidly evolved 
from a custom test instrument developer to an operation that develops 
and produces products in higher volumes. Significant cultural and 
technological hurdles have been overcome during the transition to an 
operation focused on design for manufacturability, 

by John G. Fuller 



The need for orgfuiizatioiial cliange can be driven by many 
factors. In the case of tlie IIP E5200A broadbsLmd ser\ice 
analyzer, i\\e HP Australian Teleconununications Orgiu^izki- 
tion (ATO) intended Uy address a different niarke! lluouglt 
a significant step farvt^ard in product technology. 

x\TO's first product was a custom digital perfonnance moni- 
Loring system, delivered during the late 1980 s. ATO had also 
ret'ogiiized an inuuediate market need for high-performance 
SONET/SDH (Synchronous OpliCiil Network/Synchronous 
Digital Hiemifhy) test instrumentation, aiid Ln 1990, began 
work on the defmition of a VXIbus test system. This product 
was delivered m the second half of 199 L 

These first ATO instruments were largely based upon 
through-hole manufacturing technology. They used some 
surface mount technology for the high-speed interface con- 
nections lo customer equipment. Tlie lecluiologies did not 
present a diincult maiudacturing problem and the testing 
approach was largely ot a fiuictional nature, with some 
external fault diagnostic tuols being developed by ATO 
inaruirac'turini* engineering. These tools consisted oT fielci- 
programmable gate array (FPGA) confignrations tliat could 
lie used to test the large amount of digital interconnect wiUi- 
in the produch Sliipinent volumes w^ere low enough to be 
harulied by a very small production grouj) whitii ontsourc^ed 
assembly work wherever possible, li is woiHi noting tliat tlu^ 
nuuketing plannuig. development, and [u^unifactuiing design 
were done concurrently. This led to a relatively short time to 
market and provided ATO with a sound cultural basis for 
future concuiTenI fievelopment of new products. 

'fhe iiext couple of years saw very little change in technolo- 
gies or volume. Essentially, ATO w^as making [uinted circuit 
assemblies tliat were easy to tmild, dealing with product 
volumes that tlidn't demand an abnormal ainoiuU of effcjtl ii^ 
design for assembly (DFx^l or design for l*^si (I)FT)t and 
scrapping tlie occasional prLntcfl circint assembly that de- 
fied all attempts to make if wcuk. 

Til is apfi roach was far trom the opiitual situation for the 
majutfactunng group, btjt il was nianagcablt^ juid paid di\i- 
dends in terms of ATO's |irolil line and growth, 'flu* down- 
side of the e(]iiatinn was (hill, while coruurR'nl engineering 
was heiitg used to some cxUmiI ilMring this time, a culture 
evolved that tended to niininiis^e manufacturing uwolvement 



in the dc^sign procc*ss. This reduced the manufacturing con- 
tribution to the design process and Umited the interaclion 
between hiu^tlwaie designers and manufacturing engineers. 
While many reasons for the reduceti invoKemerU could be 
suggested, we feel that the most likely caitse was that a lack 
of product technoiogif al change led to less eniphasis being 
placed U[>oii develoijinenl and niaJiufait urtng proiess im- 
liroveiTient.s. This also k^l to more emphasLs being placed 
upon manufacturing contributions to functional and quahty 
assurance testing duilng development. Thus, ATO s manufac- 
turing staff was more uwoived in the test process than the 
development process w^hile operating witliin a low-\'olume, 
high-cost, liigh-mLx, and relatively^ high-prolil manufacturuig 
environment . 

ll is from this cultural atmosphere that ATO's strategic 
direction shifted away from the UM) market toward the 
installalion market. Associatefl with the shift w^as a market 
retiuijvruent t(^ reduce lK>th the size and cost of rmr product 
without detracting fmni its fseiformaiK e. Thus, ATO*s manu- 
faflnring group was g^rzing do\^^^ the development pipeline 
at a high-technology product that would lead to significant 
increases in volume, lower selling prices, and eventually, 
lower pro til margins. Clearly, these were very good reasorrs 
why change was seen to be necessary. 

What Needed to Change? 

HaviJig established the need lo rlumge. ii was necessary to 
evaluate what pn^cesses would have to change to meet the 
needs of the new marketi>lace. Tliese were seen to be largely 
driven Ijy the expected teclinology leaps in the new product, 
die volimie uicreases, and the lower profit intugins that were 
expectetL Time to market was also seen as a critical factor 
that had to be* minimized in every v^'ay possible. 

Tile technological issues were of great significance, ATt) was 
moving from product plat fonns l>ased laigeiy upon through^ 
hole tc^chnology to platforms based largely nfxui surface 
moiuu technology, Worse (or better?) still, the use of surface 
n\ount technolog>^ was expect eti to Ije extreme, with the 
main ijrinted circuii assemldy (400 mm by2S0 nun) canying 
over 1000 conipoitenis needing almost 8700 solder. joints 
spread over Ix^th sides (jf (lie ijoartl The degree of difficuhy 
associated with I he solder jtjints was also of sigtuficance: 
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HP E5200A Broadband Service Analyzer EMC Design 



Electronnagnetic compatrbilitv (EMC) is the ability of equipment to func- 
lion satisfactorily in an electrDrnagnetJC environment and not lo intro- 
duce intolerable disturbances to the environment or other equipment. 

With eny new product design there are many areas of risk. One srgnifi- 
canl area of risk is EMC conformance. Conformance to international EMC 
standards is fast becoming mandatory in tlie internatmnaS marketpJace. 

Failure to meet mandatorv EMC standards inevitably leads to being locked 
out of many large markets. More commonly, EMC conformance, or lack 
thereof, can often cause delays to project schedules and mcrease the 
manufacturing cost of a product. These factors make it very important to 
consider EMC conformance at all stages in the devetopment life cycle 

At the HP Australian Telecom Operation (ATOL management of regulatory 

compliance is primarily the fesponsibility of the EMC specialist within 
the manufacturing engineering group The EMC specialist is chartered 



with the role of ensuring that products meet all required regulatory 
standards. This is achieved by providing EMC design eKpertise and 
managing the product qualification process. However, compliance can- 
not be achieved by activities within the manufacturing engineering 
group alone. To drive the compliance process, close cooperation 
between the R&D and manufacturing engineering groups is required. 
Responsibility for new product compliance needs to be shared by 
members of both groups 

With responsibility shared across two functional groups it is very impor- 
lani to coordinate EMC risk-reducing activities with a well-defined pro- 
cess Fig 1 shows an overview of the process implemented for the HP 
E5200A broadband service analyzer The thrust behind this process was 
to consider EMC throughout devefopment, by building in compliance 
mechanisms from the beginning and then continually measuring prog- 
ress at regular discrete stages 
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Product Definition 

EML dwi.. iiiEs Dggan early rn ihe prodiMii definition st^e. ft was dufing 
this stage thai many imporianl attribuies were decided, such as siie. 
weight, matBfials. performance, an:hitectyfe. and technologies ft foffows 
that ttiis stage was one gf the most importam stages far tiuifdrng in EMC 
coffipJiance. An [nformal design and compliajiee strategy was used to aid 
the product defmition team This strategy covered tte compliance re- 
quirements and test plan, risk tevet trade-offs (i.e.. cost versus tfictinofo- 
gies versus scfiedufe), and EMC d^ign features 

The compliance requirements and test ptar^ were determined from ttie 

nature o! the product, the target marlcet s legal requirement, and any 
additional customer requirements. In addition to the hard legal require- 
ments, extra design margin was added. For the service analyzer project 
a ] 0-dB margin was the target for the first prototype, with 0-dB being 
the target for continuous production. 

The risic levei was important in estimating and scheduling the amount of 
resources required for ElVtC compliance. The estfmate of risl< accounts 
far the technobgies involved, deveiopmenl time constraints., and cost 
constraints, For the service analyzer product, risk was higher than ever 
before. 

EMC design features are the mechanisms required to controf EMC Here 

many decisions were based on experience with EMC design and on re- 
search on current techniques and technologies. Credibility of the EMC 
specialist was of paramount importance. The product development team 
had to trust and believe in the requirements that the EMC specialist put 
forward. Many of the requirements clashed with basic product form and 
function. 

Consultation and Review 

During die miptementalion or product development stage, the EIVIC 
specialist assumed the role of consultant and reviewer. Designers were 
making many important decisions that coutd compromise or enhance 
EMC conformance, Infcrmat review and consultation occurred regularly. 
The EMC speciafist was required to work as part of the development 
team to ensure full knowledge transfer and continual feedback and 
review. 



Fretestiitg and Prototype Evalitation 

later m the deveiopment phase, when prototypes b©3fne available, 
pretesting became the main rr^ethod of risk reduction, f^etesting inrtialfy 
took if^ form of shielding effectiveness tests for enclosures and con- 
ducted emissions tests for povi/er supplies 

Later, as fuoctionality was added, pretesting coined most of the risky 
EMC tests such as radiated emissiDns. This test '^ al regular 

mtervais to catch potential prdslems at an early i:^^ - ^._ :: evaJuaie 
design changes and tuning. 

The number of iterations of pretesting and design optimization depended 
on factors such as product cost, time to market. lev^l of risk, and technol- 
ogy used A strategy still commonly observed is to overdesign for EMC 
and then use iteraitorrs to remove unnecessary components Because 
time was critical this was the approach used for tbe service analyser 
producL 

Quaijficattofi Testing 

Qualification testing was conducted on a number of typical production 
samples in calibrated test environments at certified traceable laborato- 
ties. This testing was approached with confidence after pretesting. 

ConclusioiT 

The risks presented by compliance with EMC standards can be signifi- 
cantly reduced by careful planning and constant feedback and review 

throughout product development. Acknowledgment must go to the ser- 
vice analyzer hardware design team. Despite pressing schedules and 
many constraints, they always considered BsHC conformance an impor- 
tant priority. As a result, conformance targets were achieved without 
last-minute complications. 
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apijroxin lately 4500 of tfu^m WiH'v expected to be extra-fine- 
pitch (XFI') at 0.020 iiidi spiiciiig wWh a rmil\eriM.)() expected 
to be fine-pitch (W) al 0.025-inch spacing, A difficuJl task 
evett for a w^orid-ciass mtiniifactiirer! 

Asitie from Lhe technology is^siies, if was also apparent that 
the small si2:e f>f ttie printed circuit lioard wonid seriously 
limit the aniom^t of ]:ihysical test access, thus reqniring an 
innovativi* testing approaeh. With apjiroximately ;3(H)0 elec- 
[rii Ell nodes imd access to about only VAK) of these because 
of space limitations, it was clear tl\at diagnostics in the pro- 
duction area (mid later in the field ) wert' going to he of paia- 
mount importance. Additionally. f»ach printed circuit asseni- 
lily was expccled to hav(^ a significmitly high component 
cost. It was never going to be an option to simply scrap the 
boards that were dlfficiilt to rcjiair^ — a daunting Ihonght 
when ATt)s estimates vsere predicting around one defect 
ijer board after hi-circnit test at the manufactining center! 



Witti I lie ability to accurately fiiagnose, test, and dissemble 
tiie protliR t being so vital to miiirufaeturing success, it was 
quite appment that manufaxluriog engiueenng teams respot^ 
sihie for materials, test, in-oces??, and rei^itlatfxi-y fmictions 
w(jkild need t(j fonn and maintain ack)se alliaiice with the 
haitlware mid .softTt^aie design learns. ITus would reqiiire 
t>rganizational cfficit^neies and uarkiog relatiotisHips, partic- 
ularly biHweeo R-^D and nunuifaetiinjig, on a scale not seen 
before ai AT(.), Development cycles would need to shorlen 
still furtiicr, placing additional pressure oo all aspects of the 
organization's performance- Effective teamwork and com- 
r!tuni( aticjo skills wr>uld have a rnajf>r impact oti the ra^'rall 
success of tlu^ i>n)duct. 

In suinmaiy. mi\jor techno Logical mid process improvements 
would l>e required, ris would significant cultural mid behav- 
iortil shiftjs witiiin the organization, to support tlie technical 
changes. 
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Managmg the Change 

To i)rn<.luce tlie reqiiirecl technological and process improve- 
iiif^nls, manufacturing engineering needed to develop a 1 hor- 
oiigliJy diffeieni core foe us tVom doing QA testing in parallel 
with other^ rtumurariiint^g tasks, ll was recognized Uiat a 
signifieajil eontrihntioji to the design process could be 
achieved only hy niajuifacturing engineers l>eeoniing more 
speciali^ced mid focused niioji ijarlicuJar job functions. Teclv 
nically. this meant Uiai jls ntaiuifactiiring engjjieering func- 
tions such as test, process, regulatoiy. and materials became 
adequately skilled, it was possible to increase the mauufac- 
tilling contiibiiuon to the development process. This ulti- 
mately led to a closer mvolvement with design tearns at a 
much earher stage in the product life cycle. 

Mamifacturing targets also became a more important part of 
Uie design process, so that n\easuremeni of the cost drivers 
associated with building a ijroducl were given more visibility 
during tlie early development stages. Manufacturing engi- 
neers initiated a sListained effort to review^ design for mann- 
fact urability (DI-TM) issues, set appropriate assembly, test, 
and diagnostic taigefs, and then provide regular feedback 
into the development process. iUJ the mamifacturing engi- 
neering functions mentioned previously were involved, an 
excellent example being the EMC design process (see 
page SO). The manufacturing processes \vere also subjected 
to the same kind of scrutiny. Clear targets were assigned for 
each station itt production, mul engineering owners were 
responsible for dtivlng their station to\vard meeting targets, 
thtis enabling a subsequent haj\dover to the production staff. 

With the shart^ening of focus on materials, regiilatoi^v pro- 
cess, and BIST (built-in self-test) engineering fimctions, 
there was a need for increased contact with the haiilware 
and software designers. This required a signiUcani effort in 
tenns of teamwork and communication skills, and a cultural 
shift at both the maniifacturing and RM} ends of the devel- 
opment process. For exajnple, as manufacturing enghteers 
pretjaied to contiilnute to the design process with manufac- 
turing inptns in a way that would benefit the design process 
and the manufactming function, designers also had to pre- 
pare to take and const nictively qnestion the inputs provided 
by their downstream customers. A cultmal shift of tins 
nature dues not happen easily tmd it required an envuomnerU 
of signillcant tnist^ teamw^ork, and conmimiication that was 
developed over a period of time. The objective was for miin- 
ufacttmng engineers to become design-capable partners for 
de\'elopnient who can continually hnprove die DFM process. 

Development partnerships were also tised to great effect in 
other areas. ATO has been working successfully with HP's 
Surface Momit Technologj^ Center in Spokane, Washington 
for several yeai^. Tlie Surface Mount Technology Center was 
heavily invoKed in the smface moimt piocess development 
and the in-circuh rest development for the service analy^ier 
product. Manufacturing partnerships for the i^lastic compo- 
nents (cases, handles, feet, etc.) and die alun>inium die-cast 
pod casings also made a signiiicant contribution as ATt^ 
began to use mtfamiliai- 1 eclmologies. As a result of tlie ser- 
vice analyser project, a strong emphasis ts now placed on 
the benefits of concmient engineering mvoklng HP partners 
inside and outside ATO, and on \\ orking closely \\itli paiti\ers 
outside HR 



Many concurrent engineering best practices have been 
learned (hiring this prodtict development, with major benefits 
being derivc^i front: 

• An emjjiiasis on teamwork and conmumlcation skills by 
everyone hivtjived 

• Early and regular involvement tfirotjghout the product life 
cycle by all groups anfi individuals c^barged witii rontriljuting 
to that development 

• All emphasis on contrilxition to die design process rather 
than limitation of it 

• Continual improvement of tlie product life cycle process 
through critique of the concuiTent engineeiing effoit. 

Technical Changes 

Many technicid changes were necessar>^ as a result of ATO's 
new direction. Broadly speaking, the t eclmologies involved 
in the service analyzer [project drove significant surface 
mount jjrocess changes (see page 83), manufactming ejigi- 
neering process changes (w^hich w^ere adchessed by a shtirper 
focus of engineering resoiu'ces). and m^or testing challcnge-S. 

Tlie testing challenges were posed by the high compojient 
and pin counts, I he multiple-CPU configuration, liie lack of 
available test points, the high comtioneiu costs, aod the ex- 
pected degree of diiricnlty involved In fault diagnosis. It was 
forecast that these boards would be of a significantly higher 
volume than anythir^g else that had been manufactmed pre- 
viously by ATO, These volumes were considered relative to 
the issues mentioned above, and other factors such as head- 
count Umi rat Ions, repah" and diagnosis times, inventoi^; test 
equipment, and expertise required of techniciai"LS. It became 
very clear that an innovative test approach would be neces- 
saiy to avoid a sustained engineering mvolvement in tlie 
repaii' and comniLssioning process. 

Boiauiar:y' scan (IEEE 1 149. 1 ) was the chosen test teclinology, 
and its extent and use were laigely detennuied by the ex- 
pected low^ number of physical test points on the board. It 
was linked to a derailed bnilt-m self-test strategy diat in- 
volved an extensive hardwaie, finnwaie, and softwaj*e effort. 

With the available physical test access diminishing during 
tlie development process (rather than increasing), a lai-ge 
emphasis w'as placed on getting access through substitution 
of boimdaiy scannable components wherever possible. This 
approach eventually covered some 65% of the electrical 
nodes, with additions being mainly in the ai'ea of glue 
logic, since the ASICs and FPGAs were aheady scaimable. 
Manufacturing s \iew' of the potential diagnosis issues made 
the additions well worth the extra cost of the components. 
The primed circuit board real estate taken up by the extra 
puis was far less tlian the space that would hav e been taken 
by physical test points, thus providing the printed circuit 
board designer with more flexibiljtj'. 

Test Strategy 

The overall testing approach can be sunanaiized as follows 
(see page 85 for more details): 

• In-circiiit test w as used at the Smface Momii Technology 
Center after the boards w^ere loaded, with physical test 
access being suj^plemented by boimdar>' scan vectore on 
the Hewlett-Packaid 3070 board tester wherever possil>le. 
Sufficient test points w ere placed on the printed circuit 
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HP E5200A Broadband Ser\ice Analyser Surface Mount Assembly 



Hewiett-Packard's Surface Mount Technology Center located neer Spo- 
kane. V. r a h^gh-miK. low-volume faciliTv H doesn't have tlie 
opportii une bu assembly over many long runs The tsnter 
buiJds limited runs of prototypes that hsva extra-fine-pitch componems 
(XFF! with feads m 0.02Oim:h centers), but before the HP E52O0A broad- 
band service analyzer, only two laiHy easy designs hacJ reached produc- 
tion siatDS. 

8y contrast, the service anslvzer processor board ts one of the most 
challenging boards that any HP site builds. One image nearly hlls our 
standard 12-bv-18-'nch panel This is not unusual but having 29 XFP 
components and 15 FP components (fine pitch, iA^ith leads on D.Q25-mch 
centers) on the top side ss quite unusual— ]ust these components repre- 
sent over 6000 individual solder joints. 

Loaded on the rest of the dense top side are various O.05O-jnch pitch and 

passive devices, along with connectors and other through-hoie devices 

representing over 4D0 through-hole leads Adding to the challenge is a 
dense bottom side, with 15 more FP parts (almost 1000 leads), and many 
other surface mount parts ranging from O.OS-by-Q. 05-inch passive parts 
to large SO J (small outline J-lead) and PLCC (plastic leaded chip carrier) 
components. One challenge not present is that there are no D.OB-bv-0. 03- 
inch or smaller parts on either side, since this design was started before 
they were our preferred small part. In total, there are over 1000 compo- 
nents and nearly 8700 solder jomts on this prmied circuit assembly. 

Numerous processing problems had to be solved or worked around to 
build this compte.x new board successfully It would be a very expensive 
printed circuit assembly tu scrap, so being able to get good setups and 
clean starts each time was important. Stenciling the solder paste and 

placing the XFP components were two key processes that needed to be 
highly accurate and robust. Tremendous demand on solder paste stencil 
accuracy and process control highlighted the fact that our existing printers 
were not designed to handle 0.02Q-inch pitch requirements, There was 
also tremendous potential for solder paste drying and plugging the nar- 
row stencil apertures, or slumping and causing widespread bridging 
between leads on the assembly A latest-generation printer was imple- 
mented to take advantage of an improved vision approach, programmed 
control of most setup parameters, parameter feedback controls, and 
bujit-in stencil cleaning capability. This eliminated paste alignment prob- 
lems and virtually eliminated variations resulting from operator dependent 
setups. Setup time and run time were also reduced, 



Planarity (flatness) of the raw board and of the tiot-air leveled (HAl) 
solder pads had a noticeable impact on solder paste stenciling and on 
placing the XP and FP componenis Most of these parts had to be 
placed on the top side after the bottom side had already fc^n re- 
flavifed. whH:h can allow the tK>ard to warp Compounding this Vifas 
difficulty in findfng adequate board support locatfons because of the 
densJty of the bottom side Funher compounding this was having XFP 
and FP parts at or near the comers on both sides of the board, where 
warp can be worst Placement accuracy is also vrarst in the comers, 
well outside the machine's optimum area. A customized tooling ap- 
proach helped reduce this problem An extra complication was that 
some parts were larger than the normal field of view on the pick-and- 
place machines, and required a camera modification. 

Because of the number of companents and the preroutes for the many 
connectors, the panel tends to sag under its own weight. Proper board 
support was useful not only in the assembly equipment, but also during 
furnace reflow and in wave soldering. Additionally, it was no small 
tnck to keep the wave solder from bridging leads on the bottom side of 
the board. Once the board had progressed that far the many compo- 
nents on the bottom side, some of which were fairly tall, made even 
the depanel process harder than usual A revised approach lo fixturing 
solved this challenge. 

The initial prototype build was time-consuming and had many assem- 
bly process problems. The defect rate was about 30;D00 ppm (parts per 
million) on XFP solder joints and placement accuracy. NumerDus process 
changes [many discussed above) and some design changes were real- 
ized by closely monitoring the prototype build process and keeping an 
open dialogue with customer support engineers at ATQ on design for 
manufacturahilitv (DFM) issues As a result, defect rates on the first 
production boards were brought down to a level comparable to simpler 
XFP boards in high-volume production at HP despite being built on 
second and third shifts This milestone represents a tremendous accom- 
plishment for the Surface Mount Technology Center Ongoing improve- 
ments will bring defect rates down hjrther as production continues. 

Wyatt Luce 

Process Engineer 

Hewlett Packard Surface Mount Technology Center 



boaixl to allow the snan chain to be broken into convenient 
chimks to aid in debugging and nituiiiig tests. One of the 
design trade-offs inchided a decision to restrir^t in-circiiil 
test access to some areas of tlie boatfl. Tliis was t:>Tiniarily 
driven by a lai'k of siai^ catjabllit^^ an<:l layotil difrirullies in 
sonte (jf tlie IL\M cijcuits. The rationale lieliijitl this tioten- 
tiaOy risHy decision was that inspection at die Surface Motmt 
Technolog,v Cervter wotdd pick up any obvious manul'aetur- 
ing defeats, und bail! -in tlnnvvare test should specifically 
continn the fLuicfionality of tiiese areas at ATO, 
' Extensive scan I esling wa.s used at ATO tlirough the IEEE 
1 149. 1 test access port (TAP). This was done before loading 
any ^o ft ware or tl rni ware r * 1 1 the ri r i n t ed c^i re u i I asse in 1 > ly . 1 1 
uses high-tesoiution vectcjrs ih:n mv gt^neiated and inserted 
by a PC^-based systenu Autoniadc^aily generated vectoi's are 
eouplpd with inanually generated cluster test vectors to 
Miaxinhsce the available scan coverage. This approach was 



intentletf to lie a good fault resolution and diagnosis tool. 
However, more work still needs to t>e done to determine the 
overlap with scan testing at the Surface Mount Terluiology 
Cenler When litis patter was being written, the PC tools for 
insertion of t lie vecttais were fully developed and the addi- 
tional tes! and fault coverage was corusidered to be woitli the 
increase in mn-time overhead m the ntanufacturing process. 
Fmnware access to the scan chain was made available 
through a test bus ccmtroller iC, which allowerl nrmwiu-t^ 
insenion of high-coverage, lovv -resolution huih-in self-test 
vt*ctors from dve ser\iee antilj^er h^ud disk. This test run 
automatically (and veiy quickly) at power-up and eoinntuni' 
caled siniplt* p;iss/fail results to a fotir-eh^iracter alphanu- 
ineric disj>lay ou the primed circuit assembly A major ad- 
van I agt^ of this api> roach is that new vecrot^ can tie arlded 
to the irdid disk or modified when test deficiencies are 
found duiing normal prochulion, 
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• Some veiy cxlciisive fiiiit'tional k^sting also runs from the 
JTmiwaiT at powpr-iip aiifl includes a1 -speed tests of varioii?^ 
functiona] blocks within the pi'fKluct. Clieckerboaid testmg 
of RAMs an<l microprocessor communications ports, and 
staged loop hack (transmit to receive) tests, aiejiisl part of 
what has been a significant software and Urmw^ar** attempt 
to pro\'icJe buHt-in. tiigh-resolution diagnosis ca]"jabilit>^ in 
the service anal>'zer. .Ml of tliese tests can he nin individually 
in a po.stiiiamifacture (senlce) situation. 

• The Inial teyf appioach used in production ajjplies mainly 
to the jjaranielric asj.)ects of the product — for example, the 
optical and electrical cdnnex lions to the outside world. A 
more traditional (nuiiiiniiiefl) runctional test method is used 
here with calibrated etiuipnvent ajtd gold slantiards being 
used to verity that the product meets the puhhshetl para- 
metilc specifications. 

Ee suits 

From om* niamifacturmg viewpoint, majty breakthroughs 
were achieved during the developmeiil of I his t^roduct. 
Perhaps the most obvious would he I he leclmological leaps 
fonvajd. The haiTlwaje components that were seletled led 
to a significant extension of the Surface Mount lechnulogy 
Center manufacturing and test processes. At ATO, the DFM 
process is considered to be vastly im|>roved aod is expected 
to be a significant contiibutor to the success ol' futme 
projects. 

In temis of the hottom line, the question sbouk! lie asked, 
"Wtis the result worth the effort?" Tins is always a cUfficult 
question to answ^er wlien a specific measurement tias not 
been defined for intangibles such ^ls working relationships. 
We are of the opinion that tlie miprovements thai have been 



made m w^orking relationstiips between R&D and mmiufac- 
turing have made ttve eflort well woithw^hiie. How'^evor, tliere 
were also ottien more flelinable results such as: 

* A minimal increase in costs for sc amiable gkie-kigic parts 

* An increase in available printed circuit board real estate 
as a result qf the minimised requirement for physical tesi 
access 

* Reduced manufactxiring test and fault diagnostic time 

* Mini nil zed effect of prototype and pilot build times on time 
to luai'ker 

* Reducecl impact on development work as a result of R&D 
involvement in resolving manufacturing defects. 

When tliese results are consrclereci along with our ability to 
make fai better use of ihese tools nexl time aroimd, the 
question becomes much easier t o answer in the affinnalive. 

A c k no wl edgme nts 

AckiiGwlerlgment lor the significmu effoils that have con- 
trihuted to the majuifacturitig suci ess of the HP K5200A 
broad hand seivice analyzer ts a big taisk hi itself and identifi- 
cation of evety individual would greatly intrease the size of 
Ihis paper. For Thai reasoji, die aiitJior has classified tite con- 
tril>utors as Ibllows, and would like to express the most sin- 
cere thimks to tdl (jf them. 
ATO maniLfactiuing engiiieers 
IIP E5200A hai'dware tmd finnware designers 
IIP Siai'acc Mount Technology Center mid Fort Collins test 
enghiecj's 

Surface MomU Tecluiology C enter process engineers 
ATO functional management 

The many people w^ho provitled extensive re^iew^ hipiits to 
this luiper 
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Production Test Strategy for the HP 
E5200A Broadband Service Analyzer 

Boundary scan and built-in self-test are supplemenied by conventional 
testing techniques. Eight discrete levels of testing were implemented. 

by Carir' J. Wright 



Tlie IIP E52O0A broadband s«*nife analyzer is a highly com- 
plex digital syjstcm packetl ir^lo a neld-i>ortablt* rase. During 
its design, it was essentia] to achieve ihe higlie^i densities 
possible by using some of the latest technologies. 

To achieve tiie functionality required, the main processor 
printed circuit assembly for the i>rodiict had tti he extremely 
densely populated. Tliis printed tircint assembly contains 
over 100(1 components, including 29 XFP p;trts. 30 FV paits, 
and tdmtjst 8700 solder joints (see "HP E5200A Broaflbaiid 
Sendee Analyzer Surface Mount Assembly" on page 83 for 
further details). Because of the sheer density of the printed 
ciiciiit assembly^ testing by con^entiojial Ijed of-nails in- 
circuit techniques alone was not feasible. 

In adflUion, normfd defer! rates speciHed by snrhrice mount 
placement vendors were in t he order of 200 pi)iii. From this 
data, each printed circuit assembly was predicted to have at 
least one defective solder i4)int after flio placement process. 
Because of the high cost otUiis printed riiciiii assembly, 
it was wry impoilant !o be able to a<*('urateiy and quickly 
identify defects with higli sticcess rates. The taxget yield for 
the Etssembiy and comrnissiorilng process was ^t to 100%. 

Overall Test Strategy 

To overt'onie the challenges presented, it was necessary 
|{> implernenl a comprehensive test strategy tfiat included 
boiuuUiiy scan ;md built iJi self-test, suppleniented by eon- 
ventiorml testh\g techniques. 

VVidi fttis complex prinied circuit assemtdy it was decided 
that a multiliered testijigstiaU^g>' would tie used. Sneh a 
strategy woukl increase yic^td by identi tying faults early and 
by verifying funeticntallty in sjnall discrete stages. j\ii other 
advimtage was dial die tests <"uuUl t>e reused for other pur- 
[joses such as service, eallbratiott or cotifideiice tests. 

Fig. 1 shows the pnxiuction test strategy th;it was iin])Ie- 
meuted for the senirc* analyzer pr(jjecl. Eight distuete levels 
of testing were hnplemented. Bach level verifies basic func- 
tionality before proceeding to the next stage of as.seitibly or 
testing. The cluuice ofcatastrophir and diffu ult-to-iliagaose 
failures Is nuniinized. 

Boundary Scan Technology 

Bonndriiy s<aJi lechnologv Ibrins the key to the production 
test snateg>'. Boundaty scaji is often referrerl to as.JTACi 
(Joint Test Adion tiroiip) and is detlned by the IFEK 1 1 IJI, I 
standard. Fig. 2 shows a typical IHFK 1140. 1 compliant 
tievit e 



Boundary scan ftmctions of a de\ice are stimulated via the 
TBI (test data injjut), TCK (test clock), IMS (test mode select), 
tmd TRST (test mode reset j tjins. Respoases are received from 
TOO (test data outi)Ut). For a printed circuit assembly or sys- 
tem, TD1 and TDD pins of each device or subniodide are con- 
nect efl in a i:*hain. with Oie TDD of one devir^e or submcKluIe 
connected to the TDI of anotlier Tlie TCK. TMS, antl optional 
TRST pins of devices aie eomiected in parallel (see P'ig. 3). 

The TAP (test access port) controller is a simple state 
machine with 10 states. Transitions between srates are con- 
trolled by TMS and TCK. Tlie TAP controller states determine 
how- iiata is shifted into or out of the various de\"ice registers. 
Boundaiy* ijisi ruction, ajui V)>pass registers mx^ the nitJSt ini- 
portiuit registers of a bouiulaiy scan device. Tht* uistruction 
register allows control of the various test modes. Bouiidarj- 
registers capture luid eontix»l device pin states. The bypass 
regis! ei' provides Ore ability to tjyi>ass a device in the chain. 

With tliese three registers and knowledge of the printed cir- 
cuit Inmrd net list, it is jjossible to generate and cinalyze hmg 
strings ()f seriitl data (test vectors) to detect jnns and traces 
that are shoned or f>pen. Special tests can also he devised 
for testing nt >r t seminal )Ie devices thai are siirroiuided by 
scannabte devices, (i.e.. cluster testing), 112 'u\ Fig. 3 is an 
exmnple of such a device. In addition, tlie inriM nal logic of 
a device can also be exercised. 

Tlie loaeled HP E5200A printed circuit jLssetnbhes are nrst 
tf«sted using the HP 3070 in-ckcuit tester. Tlie HP 3070 
allows combined testing f boundaiy scan ajid lest [xjfntsl for 
the greatest coverage an^l lesolution. Tests are perhirtued 
extremely quickly, avoiding component damage. 

Test v*Mlor>> Rjr the service mialyzer \\ere also gt^ierated 
using ASSET' '^^ sc*m stjflware. Tliese vecKJrs are api^lied 
iLsing both a PC' with an ASSET hardware mterface and an 
ernbedfled s< ;ui engine. (Greater test coverage is achieved 
wiien the PC nnd ASSET liardware interface are used. Tlie 
etnl)edded .scan ettgitve j)ro\ides less coverage, but Is useful 
as a {lowernip sell'test for the iistT-initialed or service-miii- 
ated diagiu»stic. Coverage and speed of ASSET tests ate not 
as great as the HP 3070, but setup costs atitl ponability are 
nuicb more att ractive for a service and diagnostic enviroii- 
nieni. 

Boundary Scan Limi tat ions 

Boundary' scan camiot be used for testing all circuits. Ana- 
log devices, ncjnscannable i)arts, and tjassive inutn retiuire 
the use of conventional testing teclmiques. At-.sjieed testing 
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Fig. 2. TV'ptcal IEEE 1 14DJ<'oiupllaiit device. 



Issues that arose during the inxplementadon of boundary 
scan included difficuities achieving clean TCK waveforms at 
all nodes, incoixectly supplied component description files, 
and failures caused by scan chain data corruption. 

Boundary Scan Benefits 

Many benefits were gained by adoptirig bovinfiaiy scan for the 
service analyzer project. The use of boiuxdao' scati lielped to 
achieve size requirements for the product, and was invaJu- 
able for getting eaily prototypes rumiing. Embedded bound- 
ar>^ scan now provides the user with high confidence in the 
product, and allow^s for quick diagnosis at repair centers 
wntbout exijcnsive tools and fixtmcs. Pioduction repair sa\d 
diagnosis time are down and yield is iuip roved. Overall, 
boimdary scan has proved to be a flexible and poweiful looL 
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cannot be performed because of boundary scan*s serial ar- 
chitecture. Boundary- scan is essentially a static (dc) test. 
Component costs are increased, although this is offset by 
savings in real estate, increased production yield, and re- 
duced repair diagnosis time. 



Fig, 3, Sijuple boundary' scan chaiji 
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Usable Usability 



Usabiifty engineering aims ta improve a products ease of use by focusing 
on user needs. "Usable usability" also considers the needs of the product 
developers. 

by Peter G. Tighe 



Misguided usability engineering effort is a waste. So how do 
yon get nitixinium benefit from youi' investment in usability 
enj{ineerin^? Tliis mtiele discusses sonic of the nictliods I IPs 
Aiistrahtm Telec*onT Operation ( ATO) used \vhile developing 
the new UP E52{)0A broadbimd semcc analyzer (Fig, 1 ). The 
senice analyzer is designed for installer's and tnaintainers of 
large teleeommani cations networks tliat employ BISDN 
(broadband ISDN ) teelinology, such as the infaniiation 
su perhigh way networks. 

'IVaditiqnallyj usability engineering aims to improve a iirotl- 
uet's ease of use by lociising on the users* iieecls, liiluwion 
environment, skilb, mid so FoUh. "I 'sable usatiilily" lakes 
this one step further by also placing high Tocus on the needs 
of the produc*t developers — in this ease, the ATO staff. 

The usabihty engineering motto, "Know yoiu* user," eajT be 
easily extended If) include "Know your organization." Tliis 
c fU 1 1 ) e as s i I n [ j 1 1 * ; is u n d e rs ta i h 1 i n g 1 1 1 a ( I he d eve I op n u^ n t 
engineers t'reciuenlly don'l reail paper reports, IhaL IJiey pre- 
fer to read e-maii, that they aie professional but are always 
in the mood for a laugli, or that wlten (Irey sarcaslJcahy criti- 
cize someone tliey iov actually I'oiiipleinenting lliai person. 
So the first step was to align usability effoils with ATO's 
l>usiness and staff needs. The remainder of this aitiele 
exijlains some of tiie results. 

Understanding the User 

One of the first anci most essential steps quoted by ahnosl 
eveiy textbook in usabihty engineering is user analysis. 
Understand, Uve with, and love your users so much that y<iu 
feel that you can precUcl dieii' behavior. 

We lived wilh the customers, we stood over their shoulders 
while tliey did ibeir jolis, we asked queslioiis when we could » 
we helped them do their jobs, we ate lunch with them, and 
we inteniewed some of them intensely. We gathered infor- 
mation on what users looked like, on what tht\v ditl, on what 
their envinaunents were like, uu what skihs they had, on 
their education, on how ihey preferred to learn, on their 
tolerance limits, antl on what they liked or disliked. 

Being m Australia, we coukin't vish a customer in the U.S.A. 
whenever' it suited us. We needed to condense all of om^ \isits 
into ont^ or two tiips. The sheer f|u;inlity of quality informa- 
tion gathered created cliallenges, too. To meet these chal- 
lenges, four teclmiques evolved and proved vej:y succe^ful: " 

• Onsite exjierts 

• Meet-the-user e-mail 
■ User nicknames 

• User artifacts. 



Onsrte Experts. We found liiat giving a customer access to a 
telecoumumications engineer from ATO was a veiy effective 
way of gaining the customer's attention. It's a win-win 
situation. Both the customer ^md ATO engineers hav^e the 
challenge of keepuig up witti thf^ raj > id changes in telecfuU' 
munications technology. The ATO eugineere get access to 
reaJ-hfe situations in w^hich ATO products are being used. 
Tlie customer gets some free ad\ice from the ATO engineer, 
has a chance to influence the direction of ATtJ productii, and 
sometimes gets to see a prerelease pro<:hict. Meanwhile, a 
usability engineer gathers the uifonnation required to make 
ATO's service analyzer easy to use. 

Meet-t he-User E-Mail. An exaniple of meet-the^user e-mail is 
"Meet Billy B. Bob." one of the trip reports produced fiom 
om' customer visits. An outsider might \iew this triji rei>oil 
as unprofessional or brasii. Yet. to the ATO staff, it was 
essential, ent ertainuig, memoral)le, infonaative reacUng. 




•^— *: 




Fig. L HP E 5200 A broadband service analyzer. 
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Fig. 2. IIP iLBiititIA brmHbaiid set^vice aimlyzer nnliin* help a!st) 
Loadies users jibuut broadlmtid ISDN tc^ehiiology. 



liilly was not ATO's target user; but he works with and 
shares our tH|uipnient witJi our target users. The lessons 
ATO learned frt>iii Billy were explained rxi>licitly in asunv 
mary \x\\\ ivjion atui i>ri*^eniarion. Forexan^i>b^ Billy only 
reads the manual foi ihe excejitions lo Ihe rule. Neafttially 
ex7)ec"Ts ti* be al>le to iisie the service iuialyzer witlioul 1 rain- 
ing, relying on his industty knowledge. Dilly also stales he \% 
new \i\ BISDN (e(hu<4ogy and is vei^' willinj«[ to h^ani Tliis 
alTeeied ATOs doeiuTientation teani, resnlting in an < inline 
fieljT syslerii that nol only eKj>lains how trj use The service 
analyzer, bat also allows users like Billy lo tjrolie (nsing 
h>1>erlinks) inhJ details about BISDN teetinolog>' (see Fig. 2). 



Another deliberate approach was to include ver>^ personal 
details aJwui Billy m the nteer-the-user e-niail. Tills was a 
\ er>" efTectJ\ e inetliod of influencing priKluct design deci- 
sions. Tile pro<:iuct developers becajtie ver>' conscious of the 
user, wliich made a big difference in their attitudes — they 
betanie more sensitive and understanding lo users* needs, 
rf^nltiiig in better design decisions. 

User Micknitnes. The results of the user analysis revealed 
that niosi of ATO's users fall into three distinct categories, 
Eiich rategor> has different skills, etlucation, working en\-i- 
ronmenis. aspirations, and day-if>-da>^ tasks. To characterize 
these types of usei-s, ATI) marketing indented "'Tetecotn 
Tbni," "Protocol Pete." aiid "Gigabit Gum." Tliese names are 
now pan of tiie vocabular>' of e\'erj^ ATO staff mentber. The 
nicknanies arc referred to in situations ranging fr«>in nianu- 
fat*turing problems to design opportunities, from order 
processing re^tuu-ements to inarketuig strategies, and from 
luncii-table discussions to high-level business plans. 

The real success of the nicknames is not just that they sum- 
inari/,e a user's characteristics swiftly and succitictly. Tliey 
also sumtnarixe the use scenarios of ATO i>roducts, that is, 
they represent complete descriptions of the sir nations in 
which ATO products are used. Bruce Tognaz^ini^ describes 
how important scenmlos m'e to user inialysis: '*The scenarios 
were not dwelled upon diiritig the design process, but \^ere 
alv^ays ui the* background, ready to he refen-cd to when 
prc^ssing an aigunient or fommig a new idea.'' This is much 
hke what liapiient^d at ATO, t.liaiiks to the user nicknanies. 
For example, people would sa>', ""This is mainly used by 
Gigiibit Gum, so in this case ease of doing is probably more 
important than ease of learning." "Yes, i.njt might Telecom 
Torn need this infomiation?" 

For example. The ntosi pop'ihir use scenario for Telecom 
Tt>m tan Ik» summarised by one i);iiiiculai- users comment 
during a customer ^isit: "1 floit't want to understand tlie 
technology, like how ceil lf>ss is measured, I just wanr a 
button tJiat says Test Cell Loss, and when I click it, it tells me 
if cell loss is good or bad," 

Tiie result was the cell loss SMARTtesl, as sho\\ii in Fig. 3* 
Telccotn Toms use at least five other network analyzers* 
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Thpy have to siipport high-profilp roriTpanies. siieh as air- 
lines mui biuiks, with niLssion-criticiil iielwork connectitjn-s, 
Every problem is important aiici urgent. They also install and 
maintain at least five different types of network elements 
(switclies, routers, bridges). They simply don't expect to 
remember technolo^- details— they exj)ect help from the 
tef:htiolugy itself, or from an experi in that technology. 
The cell loss SMAETtest is an example of liow the service 
analyjier directly addresses tliis concern. 

User Artifacts. Meet-the-u.ser e-niail messages and user nick- 
names, althougli veiy etfirient forms of comnumication, 
aie t)f>ih st^cr>ndar>' lo heaimg h *'fiom tJie horse's mouth." 
Tlie readei^ tnust place a lot of trust in the stoiyteller. Here. 
\ideos, photos, iioeuments. broken equipment, or e^^eu just a 
user's notepad can be extremely %^aluable. 

Usability Testing 

As mentioned earher, the puqiose of user profiling is to 
luiderstand. live with, and love yoim users so much that you 
feel rliat you can predict their behavior. Unfortunately, no 
matter how well you know your users, you can never fully 
predict their behavior. This is why usability testing is so 
Lnipoilant.. Says Donald Norman,'^ "'„, even the best-ttained 
and hest-nuMiva(ed designers can go wrong when they listen 
to their uistincts ii^tead of testing their ideas on actual 
uscre." 

For Oiose not familial' witii usability testing, it s a very fonnal 
process of obsening users attempt to Jeajii and operate a 
product in real situations. A good reference for tnore uifor- 
mation is Riibin,'^ 

Usability testing can be tackled in a number of w^ays. For 
example, there are exijensive ways such as using labora- 
tories with one-way miirors and complex data recording 
equipment. Or there are cheap w^ays such as \isiting a 
customer with a prototype computer and a portable video 
camera. 

Fortunately for ATO, tlie clieaper option was the most suit- 
al>le. ATO's customers ai-e veiy busy. It was much easier to 
get a block of a customer's tune if ATO engineers traveled to 
the customer's site. This gave HP a chance to see the usei^ 
in their real envii onnients and to meet otJier ttsers in the 
organization. 

One of the disadvantages of this €hea|) fnrm of usability test- 
ing is that ii is tnore difficult to control. Many external factors 
can intimidate tiie user and coniipt the test. For HP, this 
proved to be a minor problem. Low^-skill users showed in- 
tense concentration while Irymg to grasj) BISDN technologj^, 
aiul soon lost signs of intimidation. High-skill users loved 
the clumce to show^ off what they knew and talked about the 
technoIog>^ Regidaiiy tJiey uoiilil stay after the usability 
testing and drive very nioti^ atuig discussions about the tech- 
nology and how ATO could benefit from it. 

Usability testing was a very motivating and creative experi- 
ence for e^eiy one invtilved. Tlie sales force was completely 
motivated after seeing XYO staff listen to and watch the 
user, Tliey could also see the excitement t jie customer 
showed. 



User '*riot Spots" 

User hot s])ots is a technique that focuses on minimizing tlie 
development teanVs infonnalion btudert No tnatter how 
much uifonnation wusgatliereci from a usability test, we 
always reduced it to approximately five of the most iiupor- 
tant items (see Fig. 4). j\jiyone who has ever done a usability 
test will realize how^ difflcuK this can be — so much hiforma- 
lion is gathered in one test. 

Testing Enhances Creativity and Motivation 

Putting it simply, de Bono^ explains w^by usability testing 
actually enhaJif*ed ATOs creativity. "Having tcj be conTct at 
every step makes creati\ity \irtuall>' impossil)le/ Knowing 
there W'ould be second cliajices, ATO engineers were able to 
risk all sorts of new design ideas. Tliey exploited this oppor- 
tmiity to do some creative thinking. The de Biino tet hui<:jue 
called "Six Hats Thinking" wtis iisQcl' When 'Vearing" (he 
green (cmative) hat. we used the "Provocation" and '*Rmidum 
Word" techniques to help generate alternative, unoithodox 
ideas. De Bono^* describes a provocation as cra^y it lea <hal 
is designed to take jieople out of them nomial perceptual 
pattenis. It challenges assuin|>tif.>ns tmd impressions tiiat 
everybody seems to take for granted. 
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Mental Model Clash 

• Previous experience with GSTS and Qther analysers h 
atfecting tase of use 

• Users: did not expect autDcanfigure and an auiomalic 
link summary 

+ Wanted to override witti a manual configure irnyway 

• Solve: Bootup and hot suvap messaging 

• Looptiaok expected rnside configure. 

"What does Commission Mean? " 

• Co mm i ss i on oo ntu se d with c a nf i g u re 

• "Equipmenr' and "Service" grouping no1 understoodr 

• Solve: Put tests on from panel Xell Loss & Cell Delay," 
remove test grouping for release 1, more etlectiveiy, 
communicate "predefined" tests as being a separate 
envirunment. 

Labeling and MessscEmg 

• Monitor windows and srmulate windows confused. 

• Not enougJi feedbaok when errors/lraffic is simulated 

• Four alarm buttons still visible when simulate lab is active. 
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Fig, 4, UsabiiltT^^test repoits. These condensed weeks of data 

gaitiemig mto approximately five basic critical issues, calied user 
hot spots. 
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For example, one provocation ATO engineering used was: 

"WTiai if the user could do the most frequent task wiilioui 
lia\"ing to press a single burton?" After overcoming the 
apparent ai>suniity of thl*? idea, the engineers soon realized 
thai it was going lo be possible. From this. fJie link monitor 
was created (see Fig. 5K 

The link monitor is a new concept in network analyzer 

design. Wlthoui any butlon clicks, it performs the most fre- 
quent task — dis<x>veririg what s happening on the network. 
Tliis lask is intuiti\^ely basic and not immediately obvious. 
Ask any group of net^vork troubleshooters what they do. 
and only a few will mention this task. The rest will assume 
they already know what s happening on their nelwrirk. It s 
similar to tilling using a vvord processor. Imagine if you had 
to select Edit/Type from the pnll-down menu e\^eiy time you 
w^anted to stait typing. 

11 le second new Idea in the link monitor can be compared to 
tools such as automatic^ spell -checking and granimar check- 
ing in a word processor. For example, as you t^pe "hie" it 
changes it to "the.^ Similai-ly. the link monitor tells its users 
of network problems without their ha\ing to chek any but- 
tons. So wlien do users click buttons? Only w!ien they want 
more details. 

Task^Based Design 

A rule of thumb tor usability engineering is, **Desigri for your 
user's tasks." The HP E520()A broadband ser\dce analyzer 
project was no exception. Tlic online help describes realistic 
tasks to users. The user interface is stnictured to follow a 
typical user's task flow- (see Fig. 6). 

Tire end result seems quite simple, but it s a c:hallenge that 
ATO worked hard to achieve. Wliy? Tfeiecommmii cations 
technology is full of structured detail about network proto- 
cols aitd standai f Is. Its veiy^ ea*ay to get involved in thest^ 
technology details and lose focas on tlie user's task- ATO 



avoided these complications by using the user nicknames 

( mentioned earlier) and regularly repealing the quesCion, 
"Uliat's the user trying to do with this information?" 

Rapid PrototjiJiiig 

Rapid prototjpiiig proved to be* an ideal strategy' for this 
project. ATO chose Microsoft - \lsual B.ASIC as llie proto- 
typing tool Visual B.4SIC was not suitable for ATOs appUca- 
Uon develoi>mein ejiwonment. lis ni^jor advantages were 
the speed and flexibihty^ with which screens and screen be- 
ba\1or could be prototyi^ed, Tltese advantages suited ATOs 
dynamic and crcathe attitude to GIT prototyping. In fact, it 
gave ATO much more freedom than exj>ected: 
initially* the prototype was w^y ahead of the user interface 
specification- It actually replaced the need for a GIT specifi- 
cation ill the early stages of product defiitition. 
Tlie prototype was used as a seilmg tool. Sales force and 
customers were able to see and interact with a prototype 
product long before it was even on our price l^t. 
Early in the project, everyone felt they were talking aboui 
the same thing. 

Early proiotyiiing eliminated miyor produci chmiges fi'om 
the middle to the end of tlie project- The "It s too hai'd" 
excuse oi- the "programmers aftachtnent to work" did not 
hinder conceptual design. 

Conclusion 

This article has eon\'eyed some ways of maxunj^ing the bene- 
lit from an investment m usability engineering. The staff at 
ATO Ijeliev e some of this work was breakthrough and an 
inspiration for other usability' projects. But remember, most 
of the methods described in this ajticle came from finst mm- 
\y7.mg tlie organization's needs, lliese methods may not, apply 
to other organizations, especially If they have dilferent 
needs and a different culture from ATtJ. 
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lliere is one factor thBt is important lo secure before trying 

to apply these nit^thods In other organizations — that is, 
manageinents support to experiment \\ith how usability 
engineering is applied. Tliis support is all a nioti\^t€>d team 
needs to suceeed with usability" engineering. 
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ing to HR he worked at the Siemens Optoelectronics 
Division. He earned a BSEET degree m 1973 from 
Milwaukee School of Engineering 6orn in Waterbury, 
Connecticut. Tom is married and has three sons and 
one daughter On Sunday morning he teaches a gos- 
pel essentials class at his church. He enjoys camping 
witti his family, bicycling, billiards. pFaymg blues har- 
monica, and walking. His present "hobby'' is building 
a 2-car and l-motorhome detached garage and add- 
ing 3000 square feet to his home. With three years 
invested in this project, he estimates he has one year 
to go. He is considenng writing a book on building 
your own home once this project is completed. 
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Hichartf Ruh 

3cm in S: itM, 

degree in •:„:-, „:,,;:i 
1 974 from the Uf^ivefsitv o* 
Mmnesota He then jofned 
tfie US tecs Corps and 

-r^"' ■ ■ ^"'"^ n Oman as 

on to complete a BS degree m 1975 in mecharrical 

engineef ing. agam from the Unwrnsitv of Mpnrffisota 
After five years as an Dlltietd engiFie^r for Dftlec. 
flicliafii went on to complste an MS degree in me- 
ctanscal engins^nng fn)m Stsnfofd Univefsity m 

1985 He joined HFs Optoelectronjcs Division m 1985 
and was a product develofKnant engineer and project 
leader for two siiaft encorfer projects He aEso worked 
on the prima^Y and secondary optica! designs for [Ed 
power Signaling and illumination For the HEDfl-8000 
encoder lie did optica! analysis and optical sensrtivitv 
design. He is cyrrentfy based m Boblingan, Germany 
and is responsible for Optoetectronics Division prod- 
uct development in Europe. Richard is married and 
has two chiEdren His hobbies include travei, foreign 
languages, hiking, and gardening. 

6Q Global Positioning System 

John A. Kusters 

Jack. Kusters joined HP In 
1965 as a Stanford graduate 
student working on the 
development of HP's first 
cesium beam tube. Later he 
joined a group ihat concen- 
iTrited on the development 
■ -nsorshased on crystal 
._ •■••.ics- Out of this group 
came the qua re temperature sensor, the quartz pres- 
sure transdticer, the acoustrcally tuned optical filter, 
SAW etch ed-ref lector resonators, and his maior 
achievement, the SC-cut crystal in 1977 he trans- 
ferred to HP's Santa Clara Division fSCD) to introduce 
the SC-eut into production, He worked as a project 
leader and later section manager responsible for the 
quart crystal deveJopment and the physics of the HP 
1081 1 quartz oscillator family and the HP 108 16 
rubidium oscillator He transferred to production as 
the engineering manager for precision frequency 
sources (PFS) and logic test Later he became produc- 
tion manager for PFS and two other product lines In 

1986 he left HP to become vjce president and drrector 
of GaNfomia operations of the Efratom Division of the 
Ball Corporation He returnerJ to HP Santa Clara m 
\%B to become the project manager far the develop- 
ment and introduction of the HP 5071 A primary fre- 
quency standard. He is currentiy the principal scien- 
tist for the Santa Clara Division, responsible for 
investigation of new concepts and technoiogy. Smce 

1 965. his work has resulted in 27 U.S and foreign 
patents and he has published aver 70 papers in the 
disciplines of crystal physics, acoustooptic inter- 
actions, and cesium beam tubes He authored a chap* 
ter on crystal processing techniques m a book titled 
PrBCismn FrBQuency Q?^tm/and a chapter on preci- 
sion time and Ireguency sources in the Eiecimmc 
tmuumem Handbook 2ndl Edmn He is a senior 
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member o! Uie l£E£ and a membef and former chait^ 
p^son of ttw ledwucal corrantttee of the IEEE Inter- 
nsntrBi ' ~ ntfol Symposium He fs a mem- 

h& of ir ; " jf star^ards 1 76 and 1 78, the 

task forci :^\ p^va; system monrtonT^. the Ultra- 

gr." ■■ - ■ - - -= "the 

1E£ 

devfckijj; -^kj \^^ \ttt C 8 

Sawyer h „:*ons relating to 

quartz crystaib arid devices jacn was bom in Rgjcine 
Wisconsm. He r^isiveii s BSf E u^g's? •" '954 from^ 
Loyola Univefsity at L :e 

gr&e in 1965 from Sta ^ viej 

and nas four sons He was m me U S. Air force for 
fmit years and has done volunteer work for over 
twenty years for the American Red Cross and the 
Boy Scouts of America He enjoys ivoodvjDrking 
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Stewart W, Day 

Stewart Day is a marketing 

engineer at HP's Australian 
Telecom Operation. He is 
currernlv a specialist and 
consultant for HP's E5ZQ0A 
broadband service analyser 
and was a product marketing 
engineer for the product's 
first release, special dng in 
ATM qualiEy of sen/ice and signaling, Before that he 
worked as a sales development Bngineer for the 
broadband series test systems. He is professionally 
interested in ATM quality of service and traffic man- 
agement and has written several articles on these 
subjects He IS a member of the MIEE and is a Char- 
tered Engineer, both in the Unrted Kingdom He re- 
ceived a BS degree with honors m. electronics and 
microcomputer systems in 1985 from the University 
of Dundee. Scotland and an MBA in 1993 from the 
University of Edinburgh, Scotland. He worked as an 
R&D engineer at the Bntish TeJecom Research Labs 
on LAN bridging products before joining HP's Queens- 
ferry Telecom Division in 1990, where he did develop- 
ment engineering on ATM end SDH testing. Stewart 
was born in St Andrews, Scotland, He is married and 
hau two daughters. In his free time, he enjoys sports 
and traveling 

Geoffrey H Netson 

"M in Melbourne, Victoria, 
.Trafia. Geoff Nelson 
• •-ved a BE degree with 
■iors in electrical engi- 
■ -ring in 1984 from the 
L^ i University of Melbourne. He 
' M IS currently responsible for 
technical sales support at 
HP's Austral fan Telecom 
Operetfon He provtdes HP fiefd training ar^d support 
and maintains the ATM test application notes He has 
created various HP training materials and seminars. 
Previously he worked as an RSD engineer and team 
leader on HP's E4200 BSTS ATM modules including 
designing the printed circuit boards, digital and analog 
circuits, and firmware He is professionally interested 
in data communications, ATM technology, hardware 
desrgn, and transmrssion technology Before joining 
HP in 1992, he was an fi&D engineer at Datacraft 





Ausi^aiEfl v/C'Jkjng on digital c^ta neiwofks and at 
TeiecoTfi Aust^ha ."^^^ng on ^ioice switching system 
G^tf IS manied. In his free time he iikes playing ths 
i>^r^ He also enjoys good food and wine and out- 
i vfties such as bifshwalking and traveling. 

Tliomas F. Cappellari 



.- He 
. ;.:. aLj-.£:> iJivalvgd m the 
2t Two releases of HPs 
2DQA broadband sen/ice 
5lyier pn^viding marketing 
■nput into fl&D development 
and designing and implementing the division's mar- 
keting activities including promotion, trammg. trade 
Shows, and seminars He is professionally interested 
in ATM quality of service and the fntemet Before 
coming to HP. he worked at Datecraft Australia as a 
product manager for their digital and ISDN-based 
products Before that he worked at IBM as e techni- 
cal sales representative for their LAN products and at 
Telecom Australia as a support engineer coordinating 
computer support systems for their voice and data 
networks. Born in Melbourne. Vtctoria, Australia. 
Frank received a BE degree in elecuomc engineering 
from the Royal Melbourne Insthute of Technology in 
1B83. He is married, has three sons, and recently 
served as the treasurer for a local kindergarten He 
enjoys spending time with his family and appreciates 
good wine. food, and music 
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John P Makulski 

A R&D engineer in HP's Aus- 
tralian Telecom Operation. 
John Nakulski is the team 
''■'rader for the quality of ser- 
. ::,e measurement extensions 
lu the HP E5200A broadband 
service analyzer He also is a 
member of the product's 
• architecture team and con- 

tributes to the product's software development. He 1S 
professionally interested in object-oriented software 
and data communtcations and authored a paper for 
the IHEE on X.5Qfl standards tor electronic directory 
systems. He is a member of the IEEE and recently 
served as the secretary and treasurer for the Victorian 
section. Before coming to HP m 1994. he worked at 
Telecom Australia as an R&D engrneer. an analyst for 
the product development fund, and a project manager 
for the cusiomer network management system While 
at Telecom, he was named m inventor in a patent for 
distributing incoming fax messages. He received a BE 
degree with honors in electrical engineering from the 
University of Melbourne in 1984 and an MBA in tech- 
nology management from Monash University in 1996 
John was born in Melbourne, Australia, is married, 
and has one son. His hobbies include snow skiing 
and sail boarding and using his amateur radio to go 
"'foK-hunting"* (finding hidden transmitters). 
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John G. Fuller 

©John Fulier js the manufac- 
Turing engineering manager 
at HP's Australian Telecom 
Qperation and is responsible 
tor all manufacturing engi- 
neering operations including 
regulatory com pi i an ce, man- 
^ utacturing test, matenals, 
'^ pro cfl ss es . a nd p roductio n 
p' evinij;-^iy ne was a manufacturing test engif^eer for 
a ijigitai performance manitormg system and severa) 
VXI-based Sonet and SDH test instruments, He has 
also worked as an application and systems engineer 
for test and measurement products, When he first 
joined HP in 1982. he worked as an instrument ser- 
vice engineer at the Melbourne sales office, He re- 
cei\/ed an associate diploma m electronics in 19B4 
from Box Hill College in Melbourne and is currently 
worltmg towards an MBA degree in technology man- 
agement at Deakin University. John was born in War- 
wick, England and was in the Royal Australian Navy 
for ten and one-half years. He is married and has 
three children One of his favorite ouidoor sports is 
bostiwallsinQ in South Gippsland, Australia- 




Gary J. Wright 

Can/ Wright is a BIST 
{boili-in self-testhpecialist 
at HP's Austral fan Telecom 
Operation and is currently 
responssble for the hardware 
dessgn of an ATM mutt<pQrt 
monitoring system. He joined 
HP in 1994 as a regulatory 
specialist for the HP E5200A 
broa riband servicB analyzer project and later took 
respnosibiiitv for developing the boundary scan tests 
tor that project, He is prolessionally interested in 
hardware design and communications and is a mem- 
ber of the IEEE. Before coming to HP, he worked at 
NEC Australia doing hardware and systems desfgn 
for small busmess telephone systems. He was also a 
representative tof AEIA (Austraiian Electronfcs Industry 
Association) working in several groups on Australian 
tete communications standards. He was born in Mel- 
bourne, Australia and received a BE degree in electri- 
cal and computing, majoring rn communications, from 
Monasti University in 1989. Cary is married. He enjoys 
outdoor sports such as snow skiing and water skiing 
and is a member of the Austin Healey Sprite Driver's 
Club, 



Peter G. Tig he 

Pete Tighe is a usability 
engineer and is currently the 
team leader for the user- 
centered design team for the 
HP E520DA Droadband ser- 
vice analyzer He joined HP's 
Australian Telecom Opera- 
tionm 1993 as a technical 
writer after receiving an MS 
degree m nuustrlal design He earned a BE degree m 
mechanical engineenng in 1987 and has worked at 
varinus companies providing marketing, design, and 
development support. 
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Hewlett-Packard Professional Books 

This series is published by Prentice Hall PTR, and copies are available in bookstores worldwide. Listed below 
are the books published in 1996. A list of all books with sunuDiiries, bookstores, ajid coiporate sales order in- 
formation is available on Uie IIP Press web page at UKL: http'J/wyrw-hp,com/go/retailhoQks 

World Wide Web/Intemet 

Holmaa Brian and Lund, BiJL Instant Jsvascripl PTR Prentic© Hall, August 1996, ISBN 0- 13-268434' 9. 

Lee, Rob, The ISDN Consultant. A Stress-Free Guide to Nigh-Speed Commmmtions, PTR Pr&ntice Hall July 1996, IS8N 0-^13-259052-2. 

HP-UX 

Madell,Tofn, Disk and Re Msnagement Tasks on HP-UX, PTR Prentice Hall, October 1996. ISBN 0'13'51se61-X. 

Poniatowski, Marty, Learning ths HP-UX OpErattng System, PTR Prentice Hall, July 1996, ISBN 0-13-2B8534-0. 

Weygant, Peter, Cfusters for High Avaiiabiiity: A Pnmer of HP-UX SoiutiOns. PTR Prentice Hall, June )2%, ISBN 0-13-494758-4. 

Yawn, Mike; Stachnik, George; Sellers, Perry, The Legacy Comioues: Using the HP3000 with HP-UX and Windows NT Prentice Halt August 1996, 

ISBN 0-1 3-2590BO-3. 

Programming 

Caruso, Raymond R, Power Programming io HP OpenView, PTR Pmnlice Hell, Octoijer 1996, ISBN 0-1 3-44301 1-5. 

DiPasquale. Mark and Norton, Scott, THREAD TIME: A Multithreaded Programming Guide, PTR Prentice Hall, October 1996, ISBN 0-13-190057-6 

Helsei, Robert, Visual Programming with HP WE, PTR Premice Hall, April 1996, ISBN 0-13 533548 5. 

Krouse, Cherles, Practical DCP Programming, PTR Prentice Hall, published January 1996, ISBN 0-13-324419-9. 

Softwart^ Oevelopmenl 

Mc Pari and, Tom, De\/ehping hternationaiized Graphical User fnterface S/Wwith the X Window System and Motif, PTR Prentice Halt April 1996, 

ISBN 0-13-35978-3. 

Object-Oriented 

Ryan, Timothy W, Distributed Object Technology: Concepts and Applications, PTR Prentice Hall, October 1996. ISBN 0-13-348996-5. 

Netft or ks/Netwo rking 

Blommers, John, Practical Planning for Network Growth, PTR Prentice Hall, April 1996, ISBN 0-13-2061 11 -2. 

Dempsey, Roh and Bruce, Glen, Security in Distributed Computing: Did you lock the door?, PTR Prentice Hall ISBN 0-13-182908-4. 

Lund, Bill, Integrating UNIX and PC Network Operating Systems, PTR Prentice Hell, March 1996, ISBN 0-13-207374-9. 

Common Desktop Environment 

Fernandez. Charles, Configuring DCEthe Common Desktop En\/ironment PTR Prentice Halt March 1996, ISBN 0-13-102724*7. 

PA-RISC 

Kane, Gerry, PA-RISC 2.0 Architecture, PTR Prentice Hall, published Januery 1996, ISBN 0-13-182734-0. 

Information Architecture 

Cook, Melissa, Reengineering information Systems: Building Enterprise Information Architectures, PTR Prentice Hall, January 1996, ISBN 
0-13-440256-1. 

Image Processing 

Crane, Randy, A Simpiified Approach to Image Processing, PTR Prentice Hell August 1996, ISBN 0-13-226416-1, 

Test & Measurement 

Atchison, Lee, Otjeci-Oriented Test & IVfeesurement Software Dei^eiopment in C-f-^, PTR Prentice Hall, July 1996, ISSN 0-13-227950-9. 
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